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ABSTRACT 
A pre-existing s pectropolarimeter is described from the user's 
point of view, and the important factors affecting its operation as 
a high precision device are fully explained. The instrument is 
applied to studies of the atmospheres of Jupiter and Saturn, and of 
properties of grains in the interstellar medium. 
Linear and circular polarisation measurements have been made 
of the integrated discs of both Jupiter and Saturn at moderate 
resolution (50 p). Enhancements in the linear polarisation across 
the 7270 R methane band are found in both planets. The effect is 
attributed to the increased importance of low order scattering in 
the centre of the band since here higher levels of the atmosphere 
are being probed than in the continuum. It is suggested that 
circular polarisation variations across this band seen in Jupiter 
are caused by total internal reflection in ammonia aerosols. 
Polarisation measurements have also been made across other bands in 
the spectra of each planet. Continuum circular polarisation measure- 
ments have been obtained of Saturn at phase angle 2c27. A large 
enhancement in the circular polarisation is observed, increasing 
very rapidly towards longer wavelengths, reaching 0.155; by 7400 R. 
A future program of research is detailed. 
Linear polarisation measurements in the range 3100 á to 7600 Á 
have been obtained on three stars whose light has been attenuated 
and polarised by the interstellar medium. The stars are ÿ Ophiuchi, 
55 0rgni and )C Aurigae. Structure in the polarisation of J' Ophiuchi 
has been detected with scale lengths of 400 R to 1400 R at wavelengths 
around 6000 R. No exact correspondence is found with published high 
quality extinction curves of various stars. The structure is tentatively 
suggested as being due to magnetite impurities in large grains. A 
broad (100 R to 200 R) feature has also been found in the polarisation 
of this star centred on 4100 R. This appears to arise in larger than 
average grains and may be associated with an extinction feature seen 
at slightly longer wavelengths in other stars. It may be due to an 
absorption in the grain mantles. Broad band variations in the position 
angle of polarisation observed in all three stars have been interpreted 
as implying multiple dust clouds in the lines of sight to each of 
these stars. A future program of research is mapped out. 
I declare this Thesis to be entirely my own work except 
where explicit reference is made to the work of others. In 
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(a) The spectropolarimeter described in Chapter A of 
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Most of the information we gain from the outside world comes 
from interpreting the patterns of light detected by our eyes, either 
directly, by watching a phenomenon ourselves, or indirectly, by 
observing our instruments as they react to a phenomenon. These 
light beams have various properties, and most obvious to us are 
their colour and intensity. However, our eyes are only slightly 
sensitive to two other important properties of the beam: the 
orientation of the electric vector of the electromagnetic transverse 
waves; and their phase. It is these qualities of light we study 
when we examine its state of polarisation. 
'7e may consider any beam of light to be a mixture of unpolarised 
or 'natural' light, of linearly polarised light and of circularly 
polarised light. The intensity of the beam is the sure of the 
intensities of the three components. Intensity has been studied 
in the astronomical context since ancient times - quantitatively 
since Hipparchus who first classified the stars by their apparent 
brightness. Early measurements of astronomical polarisation were 
made by Arago (1809: comets, moon), Liais (1858: solar corona), 
Lord Rosse (1872: Venus) and Hale (1908: circular polarisation of 
sunspots). It is now reasonably well understood that a full 
description of the state of polarisation of an incident beam of 
light is necessary to obtain the maximum information about its 
origin and history whilst travelling to the observer. This implies 
that measurement must be made of all four Stokes parameters (I, ;, 
U, V) and not just the first (I). The "Principle of Optical 
Equivalence ", enunciated by Stokes in 1852, shows that these four 
parameters are sufficient to give a complete description of the 
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polarisation properties of a beam of light, and that two beams with 
the same four Stokes parameters will be indistinguishable when these 
properties are considered. 
Studies of linear polarisation at the 0.5 to 1.05 level of 
precision are relatively easy when using a photoelectric device as 
a detector. A polarimeter consisting solely of a rotatable analyser - 
even polaroid - will suffice. Faint objects, where photon collection 
is a problem rarely allow a better precision than 15 to be obtained 
within reasonable integration times. Polarimetry at the 0.051 level 
can be done with a rotating waveplate polarimeter. In these instruments 
a retarder (usually half -wave) is continuously rotated before an 
analyser, which can be either a polarising prism or a piece of 
polaroid. Difficulties in rotating a waveplate uniform -y to better -- 
than the 0.15 level limit such polarimeters to what we shall term 
the medium precision regime. For the highest accuracy (0.02 or 
better) photoelastic or riezo -optic crystal modulators replace the 
mechanically rotating waveplate. This Thesis is concerned with this 
high precision region. 
In chapter A, a pre -existing high precision polarimeter based 
upon a photoelastic modulator is fully described. Each component in 
the optical train is examined and the properties that affect the 
performance of the instrument as a high precision instrument examined. 
It will be seen that there are a number of ways in which the presently 
existing instrument could be improved. The polarimeter is then used 
in studies of the atmospheres of Jupiter and Saturn (chapter L) and 
of the interstellar dust grains (chapter `.). Both fields require 
high precision (0.015) medium resolution (10-50?) measurements of 




The F.0.E. Spectropolarimeter 
The ROE Spectropolarimeter 
1. The Spectropolarimeter to be described originated as a 
scanning spectrometer, and was built in 1974 by W.A. Cormack 
under the supervision of J.V. Campbell (both of the Royal 
Observatory, Edinburgh). The addition of a photoelastic 
modulator polarimeter was made in 1975 with the collaboration 
of R.D. t-iolstencroft, then at the University of Hawaii. 
The following subsections introduce the spectropolarimeter 
used to obtain the data described later in this thesis. 
After an outline description of the instrument (1.1) and 
its intended mode of operation (1.2), the Mueller calculus 
is used to show how the instrument measures polarisation in 
the ideal case. Section 2 is devoted to a more detailed 
examination of the components of the spectropolarimeter and 
their functioning. 
1.1 Brief description 
The ROE Spectropolarimeter divides by function and 
design into three components. A polarimeter iç *rountéd 
before the entrance aperture of a grating spectrometer while 
a photomultiplier, with its Fabry optics, is mounted after 
the exit slit. 
The polarimeter was originally designed for the high 
precision measurement of circular polarisation, and is built 
around a fused silica photoelastic modulator, followed by an 
analyser of } P'B polaroid (see figure A1). The axis of the 
polaroid is orientated at 45 degrees to the stress axis of the 










































































































































































































































































































































scanning and the analyser chopping under program control. 
The order sorter wheel and the wheel containing the wave - 
plates are under remote control through thumbswitches. 
1.2 Method of operation 
The spectropolarimeter measures polarisation in the 
following manner. The modulator is driven such that it 
acts as a variable retarder, oscillating harmonically with 
a frequency of around 50 kHz. A two channel photon counter 
is phase locked to the modulator drive signal, and counts 
are collected during windows centred in the positive and 
negative halves of the cycle. The peak retardance of the 
modulator is chosen such that the retardance averages 1T/2 
in the positive half of the cycle, and --V/2 in the negative 
half. If completely circularly polarised light passes 
through the modulator, it is converted to linearly polarised 
light. The position angle of this linear polarisation is 
at - 45 degrees to the stress axis of the modulator, the 
sign being positive in one half of the modulator cycle and 
negative in the other. Since the analyser is aligned with 
its axis also at 45° to the modulator stress axis, it will 
only pass light during one half of the modulator cycle. Our 
instrumental measure of circular polarisation is 
where I = intensity in positive half of cycle 
I = intensity in negative half of cycle. 
and these intensities are in actual fact numbers of photo- 
electrons counted over many cycles. 
If we put 1005 circularly polarised light into the system 
we would have an optical switch, flashing at 50 kHz. Normally, 
however, there will be an unpolarised component and possibly 
a linearly polarised component as well. The unpolarised 
light will not be affected by the modulator and will 
contribute an exactly equivalent amount of flux in both 
halves of the cycle. It will hence cancel in the above 
expression. Any linearly polarised component will be more 
"active ". Any such component can be regarded as the 
resultant of two independant components with axes of 150 
to each other - the Stokes parameters Q and U. Q, being 
parallel to the stress axis of the modulator, is not affected 
by it and will cancel in the same way as an unpolarised flux. 
U is converted into circularly polarised light of one sign 
in one half of the cycle, and of the other sign in the other 
half. Both should be able to pass with equal efficiency 
through the analyser and so this component too should cancel. 
The measurement of linear polarisation is effected by 
simply converting it to circularly polarised light, and 
then measuring it in exactly the same way as above. The 
two components Q and U are detected separately by introducing 
in turn two %i4 waveplates into the beam. The first has 
its fast axis perpendicular to U. This converts Q to 
circular, but does not affect U. The system then measures 
the circular component which corresponds to Q. Any 
circular polarisation originally present in the beam is 
converted to linear by the waveplate and hence will not 
affect the measurement. The second waveplate is parallel to 
7 
Q, i.e. at +45 degrees to the first, and this leaves Q 
unaffected while converting U to circular for measurement. 
'.That relation does "g113 " defined above have to 'q', 
the degree of circular polarisation? The detailed analysis 
(to follow) shows that it should be identical - if the 
modulator chops with a square waveform between - Tr /2. 
Since the waveform is sinusoidal, 
'IT ST < q 
and we must 
investigate the relation between them. This is done by 
inserting a calibration filter before the modulator. This 
filter consists of a 1A/4 waveplate which is identical to 
the others used in the measurement of linear polarisation 
with a piece of HNP'B polaroid cemented to it, such that 
the waveplate lies between the polaroid and the modulator. 
The polarising axis of the polaroid is aligned at 45° to 
the fast axis of the waveplate. The calibration filter 
provides a source of 1005 circularly polarised light at a 
particular (known) wavelength, and a known proportion of 
circularly polarised light at other wavelengths. The 
resulting measure, qC can be regarded as the instrumental 
efficiency for the detection of polarisation. It gives the 
required relation: 
_ T 
'INS K 'CAL 
where K is the proportion of circular polarisation produced 
by the calibrator. 
The linear polarisation is calibrated in the same way 
PQ = pINST(Q) / gCAL 
and 
pU = PINST(U) / 'CAL 
where the factor K is now omitted because the waveplates 
used for the measurement of linear polarisation are 
identical to the waveplate in the calibrator. 
1.3 A. Mueller Calculus analysis of the ideal polarimeter 
Definitions of the Stokes parameters and a description 
of the matrices used in the Mueller Calculus are riven in 
Appendix Al. Using these tools it is possible to develop 
expressions to describe how the Stokes parameters of the 
incident light are measured. The derivations of the system 
matrices are carried out in Appendix A2. These are used 
below to show how linear and circular polarisation are 
measured by the ideal polarimeter. It is presumed that all 
components are perfect and exactly aligned. 
1.3.1 The measurement of circular polarisation 
Eight measurements are taken, four with the incident 
light passing through the modulator and then through the 
analyser (circular measurements); and four with the 
polarisation calibrator inserted in front of the modulator 
(calibration measurements). At wavelength the 
retardante of the calibrator waveplate T= 900 and the 
calibrator will produce 100; circularly polarised light. 
In each case the four measurements are taken at the two 
positions of the analyser indlined at 15° to the stress 
axis of the modulator (/' = L.5° and 135°) (figure Al) 
and at each of the two orientations of the polarimeter, 
90° apart (the spectrometer does not rotate). At time t, 
the intensity of light transmitted by the analyser in the 
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case of the circular measurement is 
It = i (I + Ucosbt + ','"sinbt) la 
It = 2 (I - Ucosót - Vsinbt) lb 
It = 2 (I - Ucosbt - Vsinbt) 1c 
It = z (I + Ucosbt + ;'sinbt) 1d 
andin the case of the calibration measurement it is 
I 
t 
= 4 (I + Qsin2oc - Ucos2d)(1 + sintsinSt - cos'rcos2Kcosbt) 2a 
It = (I + Qsin2o( - Ucos200(1 - sinrsinbt 4- costcos2dcosSt) 2b 
It = ;; ( I - Qsin2o( + Ucos2a() (1 + sin¿sinst - costcos2dcos8t) 2c 
It = w (I - + Ucos2ag1 - sintsin.Et + cos¿cos2dcos6t) 2d 
where St is the instantaneous retardance of the modulator, Q. 
is the orientation of the fast axis of the quarter waveplate 
and Iris its retardance. Equations (a) and (c) refer to 
= L5 °; (b) and (d) to/2= 135 °; (a) and (b) to the 0° 
orientation of the polarimeter, and (c) and (d) to the 90° 
orientation (see figure Al). 
Assuming the modulator is driven sinusoidally such that 
its retardance is given by St = Asinwt and that counts 
I+ and I are collected between wt =7/2 --21 and 3tr /2 LS 
respectively, then in cases (1a) and (2a) we have 
I+ - I- a V 
R - _ 
la I+ + I- la L I + (b/N)U 
and R2a = 
a sin Z 
A 1 - (b /A) c 
2J1(A) sin11 2J3(A) sin3A 2J5(A) sin5p 
where a = 1 3 5 
01 
b= 
Jo( A) 2J2( A; sin?_Q 2J( A) sin4=0 
2 - 
c = cos20( cos 
and the Ji(A) are Bessel functions of the first kind, of 
order i. By driving the modulator to A 107° the 
coefficient b/A becomes zero and for this value 
(Ria /R2a) 
sin ir 
where is given with adequate precision by 2, 90° x_ /¡ / A 
for the whole visual range, and a is known. In practice 
the modulator will not be driven at exactly the optimum 
value of A, and (b /Q) will be small but not zero. It is 
readily shown that 
Rla V (1 -('b/)c) Rib 
R2a (I + (b/1I )tT) sin ' R2b I - (b/a AIT* 
(1- (b /i)c) 
sin r 
Ric V (1 + (bjQ)c) 
Rid 
V (1 T 
P,1c (I - (WA )A) ain't Rid (I T (bd )U) sin 
Hence provided (b/A,) is small 








R2a R2b R2c R2d I 
sin i 
1.3.2 The measurement of linear polarisation 
In this case, twelve measurements are taken, four with 
the incident light passing in order through a quarter wave - 
plate (with fast axis at angle"), the modulator and the 
analyser; four through the same components but with the 
waveplate at angle (`r + 45); and four in the calibration 
position described in Section 3.1. The equations corresponding 
to la to 1d for the first four measurements are 
11 
It = z (I + fOcosSt + g0sin5t) 
It = 2 (I - f0cos8t - g0sinbt) 




It = z (I + f90cos5t + g90sint) 3d 
where 
f0 = (Qcos2N+Usin2*sin2*+(-Qsin2ï''+Ucos2V")cos2*-cosr+Vcos2iiisinY 
f90 = ( Qcos2jr+Usin216 sin2ir+( -QsinAr+Ucos21r) cos2lircosr-`:' cos2ysin 
g0 = (Qsin211-Ucos211)) sinr+Vcosr 
g90 = (Qsin2T- Ucos241r 
The difference over the sum, as defined in section 3.1, is, 
for case 3a, 
a 0 P 
3a I + (b%a ) fo 
and it can be shown that 
Dia (I - (b/p) c) R3b Go (I + (b/o)c) 
-9a (I + (b/44)f0) sin"( R2b b%b (I -()f0) sin[ 
(I - (b/p) c) Dad -g90 (I + ( bi'A) c) 
R2c (I - (b/4)f90) Rd (I + (b4t) f 
90 
) sinZ 
where a, b and c were defined above. 
Hence, neglecting terms of order (b /Q)2 and higher 
1 R3a 
Ric Rad 
p1 7 R2a 
R2b R2c R2d 
1 go g90 
2 sink sin 
= 1/2(Q/I) sin214, - (U/I) cos2*- ("/I) cot2' + (Q/I)sin21i 
- (U/I) cos2V + (TI/I) cot Z ) 
p = (Q/I)sin2ljr- (U/I) cos210 
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The second set of four measurements are used in a similar 
way to yield 
p2 = (Q/I) sin2(' 45) - ( u /I) cost( -+ 5) 
p2 = (Q/I) cos2lr+ (L' /I) sin211r 
The degree of linear polarisation, p, and the instrumental 
position angle,, may be derived from pi and p2, viz 
p2 = p1 + 2 and tan20 = P2 
pl 
0 is measured in the same sense as the equatorial position 
angle ,O, (east of north) but with respect to an arbitrary 
zero which is determined by observation of standard objects. 
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2. Detailed description of the instrument 
The practical implementation of the ideal instrument 
described above presents a number of problems. In the sub- 
sections to follow a detailed description is given of every 
part of the instrument, and of the methods of data collection 
and reduction. 
2.1 Guiding 
There are a number of reasons why accurate guiding is 
essential in a spectropolarimeter such as this, and these 
reasons are explained as they occur in different parts of 
this Thesis. The ;OE spectropolarimeter uses a simple 
offset guiding system employing a large (26 cm x 19 cm) 
flat mirror placed at 45° to the beam and ahead of the 
polarimeter. This central part of the mirror can be 
flipped into place whenever it is desired to use the 
guiding eyepiece as a finder. Offset stars are found and 
observed visually in a widefield eyepiece mounted on an 
X -Y crosshead. 
The maximum travel of the eyepiece on its crosshead is 
10 cm in each of the X- and Y- directions. In accordance 
with the specification on the instrument to accept an 
f/7.5 beam, and so that the full travel of the crosshead 
may be used, the flat mirror must be made bigger than 21 cm 
x 17 cm. It can be seen that the specification has been 
met. The flat mirror is some 50 cm from the focus of the 
telescope. The circular aperture should, of course, have 
been elliptical, with a major axis of 9 cm and a minor of 
about 62 cm. 
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Let us now consider some of the optical properties of 
this system. If the instrument is fitted to a 60 inch 
telescope, working at f /16, we obtain a platescale of 8.5 
arcseconds per mm. For a 90 inch, operating at f /9, the 
figure is 10.0 arcsec mm -1. For the 60 inch, this gives 
a total field of some 0.055 square degrees. We lose a 
fair amount of this by cutting out the central circle. 
Consider the diagram, which shows a view of the 45° 
flat from the eyepiece. E GH represents the crosshead 
and AB= the central hole. It is clear that an- star that 




roughly 50 vignettes. 
Hence we may define 
our effective field 
ac. 
1 - Area J3CCD x .055 
Area ETCH 
=1- x_9x9 x.055 
4 x 2 x 100 
o 
= .030 deg.`" 
Note that at f/7.5r the entire field is vignetted to some 
extent whilst a fair proportion is ever at f/16. 
What magnitude of star could we see in the eyepiece? 
The eye has a pupil of around 0.3 inches. The telescope's 
pupil is 60 inches, but loses some light between its 
various mirrors and lenses. If we presume an efficiency 
for the telescope of 655, the ratio in the intensity of 
the light reaching the unaided eye and that when the eye 
is placed behind the guiding eyepiece, is: 
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Ratio = 60 x 60 x .65 = 26000 
.3 x .3 
This is equivalent to 11 magnitudes. Since the unaided 
eye can see stars of visual magnitude 6.5, we should be able 
to detect stars of magnitude 172 with a 60 inch telescope. 
T1ith a 40 inch, the corresponding figure is 161. In 
practice, seeing conditions and the imperfect telescope 
optics will mean that guiding on a star fainter than 16m 
would not be feasible (15m for a 40 "). 
Is there likely to be a star in the field of view to 
guide on? 
The following table uses data from ALLEN (1973) 
vis 
Galactic Latitude 
b=U° b = 30° b = 90° 
Log Nm Ziem Log Nm ZN'm Log Nm ZN 
12 2.18 4.6 1.67 1.5 1.33 0.6 
13 2.60 12.2 2.08 3.7 1.69 1.5 
14 3.02 32.0 2.44 8.4 2.01 3.2 
15 - - 2.78 18.5 2.27 5.7 
16 - - 3.09 37.7 2.54 10.6 
17 - - - - 2.78 18.5 
19 - - - 3.02 32.0 
= number of stars per square degree brighter than 
visual magnitude 
-vis. 
ZN = average number of stars to be expected in the 
field of the offset guider. 
To be sure of having a guide star in the field for 95 
of all stars, we need to have: 
(ZP1m) - 1.645 (ZNm) ) 1 
i.e. (Z'Nm) > 41 (Assuming Poisson statistics) 
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It seems that at least in theory the guiding system will 
meet our needs. However we have not taken vignetting into 
account, and this may well account for half a magnitude. In 
fact, in practice things are not nearly so satisfactory. A 
mirror badly in need of aluminising, a poor eyepiece and 
difficulties with both the crosshead and the focussing have 
made guiding a great problem on the telescopes on which it 
has been required. On telescopes smaller than 60 inches 
aperture, the off -axis errors introduced at the edge of the 
field give images highly affected by coma. This again 
reduces the number of stars available for guiding. 
In conclusion, it seems that while this method of offset 
guiding is the correct approach, the present implementation 
could be improved. 
2.2 The waveplate wheel 
In front of the modulator is located a filter wheel with 
nine positions, dubbed the 'polariser' wheel by the project 
engineer. It is rotated by a stepper motor between positions 
defined by an optical encoder. The gearing ratio of 10 : 1 
implies a step size of 0 °1. The wheel is bored with code 
holes such that the photodiode of the optical encoder only 
sees the LED when a position is located. The diameter of 
the code holes is equivalent to about 2° in the rotation 
of the wheel. The wheel always rotates in the same direction 
and should position repeatable to 0.1. 
In the wheel are mounted two sets of three retarders. 
Both sets contain two quarter wave plates mounted with 
their fast axes nominally at 45° to each other, and a 
17 
calibration filter. The actual value of this angle was 
measured in the laboratory for both sets of optics. For 
the set to be used in the ultraviolet, it was 47.075 } 0.35, 
o 
and for the set to be used in the visual, it was 50.00 - 
0.35. Unfortunately, these values were measured only after 
the data presented later in this Thesis were obtained (and 
in fact in response to the effects this data showed). To 
adjust the angles of the waveplates'fast axes, the 
polarimeter must be dismantled. This makes fine tuning 
of these angles exceedingly difficult. The effect of these 
misalignments is discussed later. The calibration filter 
is a piece of HP'B polaroid cemented to a further it /4 
waveplate, such that the axis of the polaroid is at 450 
to the fast axis of the waveplate. The polaroid of the 
calibration filter is aligned with its axis nominally 
perpendicular to the stress axis of the modulator. If 
light is incident upon the polaroid side of the filter, 
light leaving it should be 1005 circularly polarised at 
the design wavelength. The filter produces right handed 
polarisation which is measured as positive by the instrument. 
Each of the three waveplates are zero order retardation 
plates made of crystal quartz and are made of two components 
with their optic axes crossed such that the resultant 
retardance for paraxial rays is í5m4. For each of the two 
components, the three waveplates were cut from the same 
piece of material in order to produce plates as identical 
as possible. The two sets of plates are designed to give 
V4 retardance at 3800 R and 5925 R respectively. These 
are mechanical measures rather than optical ones, i.e. the 
wavelength quoted is derived from the measured thickness of 
the plates and the published values of the birefringence of 
crystal quartz. Presumeably, therefore, no allowance is made 
for different batches of quartz, or in alignment errors in 
crossing the optic axes of the two components. Such align- 
ment errors might also lead to differences between the 
waveplates. The manufacturer's (Continental Optics) quoted 
errors on the retarders are 3800 Á 
± 
50 R and 5825 Á ± 80 Q 
(i.e./1/300). The thickness of each of the two components 
of every waveplate was controlled to 0.214, and the fast 
axes were crossed to an accuracy of 1 arcmin. 
The waveplates will not be quarterwave at other wave- 
lengths. These components are in no way achromatic. For 
normal incidence retardance is given by the expression: 





= ordinary and extraordinary refractive 
indices 
n_e - no = birefringence of material 
s = thickness of waveplate 
= wavelength of light 
There is an explicit dependence on wavelength in the term 1/A 
and further, an implicit dependence in so far as (ne - no) is 
also dependant on wavelength. A graph of (ne - no) against 
Á for crystal quartz is given as_figure A2. The variation 
of T with in units of tii and normalised at 3800 R and 
5825 R is given as table Al. 
The angular aperture of the single order plates is 
limited to about 10 °. This limitation arises because off - 
















































































































































































































































(this page should have been located after page 4) 
modulator. For the measurements of linear polarisation, two 
quarter wave retarders with fast axes 45 degrees apart are 
inserted sequentially before the modulator. The two 
waveplates are mounted in a wheel which also contains a 
calibration filter. In order to overcome various instrumental 
effects, the analyser can be chopped between two positions 
at -} 45 degrees to the stress axis of the modulator, while 
the polarimeter as a whole can be rotated between two 
positions 90° apart. 
Before the spectrometer, and after the analyser is 
located a filter wheel containing the coloured glass order 
sorter filters. The spectrometer itself is of crossed 
Czerny- Turner design and has entrance apertures which are 
circular and have diameters between z mm and 8 mm. Three 
gratings are available, giving reciprocal dispersions of 
roughly 25, 100 or 200 á mm -1. Wavelength scanning is 
performed by rotating the grating by a stepper motor 
acting through a sine arm. 
After the light leaves the exit slit, which has a 
maximum width of 2 mm, it passes through a two -lens Fabry 
system to fall upon a photomultiplier. This has a high 
sensitivity Ga - As photocathode, and is cooled to -20 °C 
by either a freon closed -cycle or thermoelectric cooler. 
Pulses from the photomultiplier are routed via a 
preamplifier /discriminator to a two channel photon counter 
phase locked to the modulator retardance waveform. 
Data acquisition and reduction are handled by an HP 9310 
calculator, interfaced to a fast cassette drive memory store 
and a plotter. The calculator also has the wavelength 
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angle of incidence. If the direction of incident light makes 
a small angle, i, with the normal to the surface of the 
retarder, and the plane of incidence makes an angle "V with 
the optic axis of the crystal, the retardance at wavelength 
ñ is given by (SEPKC SK, 1974) 
ti 
.TT (ne- no)(s /A) ( - L2 
(ce»t,, _ 5 (2.22) 
ano n¢ 
where s, ne and no have the same meaning as above. If the 
waveplate has two components of thicknesses s and s + Ss 
with optical axes crossed, the resultant retardance is 
f XTr(ng -rOki 
1 -2 0 ` - .1Al2)/ 
..2 r(ng -n0)S. L2 cos 2'' \1 
+ 
! A 2n ` "° ne J
Consider the case of crystal quartz at 5030 .2. Then no = 
1.54322, rie = 1.55746 and 6s = 13.7/4 for a quarter waveplate 
(figures from the American Institute of Physics Handbook, 




For a paraxial f ¡9 beam, i = 3.02 at maximum, and for an 
f/16 beam, i = 105, and therefore the retardance varies 
across the beam by 14.0; and 4.5 respectively for each 
focal ratio. The effect of this is to make the wavelength, 
i1Q , at which the waveplate exhibits A%4 retardance 
dependant on the focal ratio of the telescope, as an average 
is made over the whole beam. Such a property will not affect 
the measurement of linear polarisation but will make a 
slight difference to the circular measurement where 
must be assumed. 
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2.3 The modulator 
There are a number of materials that exhibit bire- 
fringence when stressed. 2.ommon examples are car windscreens 
and various plastics. Fused silica is such a material, and 
one which has the useful additional properties of being very 
hard and stiff, and being_very transparent at visual, U.V. 
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In the modulator, a fused silica bar (0() is cemented 
wavelengths. 
to a piezoelectric crystal (i), both crystals being 
supported at their centres. On the face of the piezoelectric 
crystal are attached foil electrodes. An initial pulse to 
the piezoelectric drive crystal starts the fused silica bar 
vibrating. Once oscillating the crystal will alternately 
compress and expand the piezoelectric crystal, so giving 
rise to an alternating voltage across the terminals of 
the driver. The drive electronics take this signal, amplify 
it, and feed it back to the drive crystal. The fused silica 
bar is hence maintained in oscillation at its resonant 
frequency. The waveform appearing across the terminals has 
at least one harmonic present and is not purely sinusoidal. 
It is shown below. The modulator control circuitry produces 
an accurately sinusoidal phase reference signal from this 
waveform and this is used to synchronise a two channel 
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counter. Some considerable shaping of the waveform is 
involved and careful regard to the phase of the resultant 
waveform is taken by the manufacturers. it is perhaps of 
some concern that these control electronics are subject to 
large variations in temperature through the observing night. 
The crystal itself will resonant at a slightly different 
frequency at a different temperature, but this is clearly 
taken out by the feedback loop with the drive crystal. 
The resonant frequency of the fused silica bar is close 
to 50 kHz. Such a high chopping speed leads to some problems 
in the gating electronics in the counter, but a modulator 
which resonated at the more reasonable rate of 1 kHz would 
be unmanageably large. The fused silica crystal is 
supported at its centre in order to produce a node here. 
For modest exciting voltages, the crystal will oscillate 
sinusoidally to give a sinusoidally varying stress (and 
hence birefringence) as its node. Clearly the resultant . 
birefringence is going to depend on distance from the 
node. In the ROE spectropolarimeter, the modulator lies 
some 134 mm from the focus of the telescope. At 06, a 
point image at the focus would be formed by a cone which 
was 8.4 mm in diameter at the modulator. Since the largest 
aperture is 8 mm in diameter, this circle on the modulator 
may move up to 4 mm from the node. At this point the 
24 
birefringence will be reduced by a factor cos (90 x 24 [) = 
0.976 - about,21¡'. s1e see that a field effect will arise, 
measured polarisation possibly being dependant on the position 
of the object in the aperture. If an object such as a 
planet was being observed and the planet filled a large 
proportion of the largest aperture, a slight centre -weighting 
in the measurement of the polarisation would result. The 
effect only arises along the one axis, and in the perpendicular 
axis all we need to confirm is that the entire beam passes 
through the modulator, and that no edge effects are present. 
In fact the limiting factor on the f /ratio of the beam that 
can be put into the instrument is the size of the modulator. 
Only the central 16 mm of the crystal are used in order to 







A photon's eye view 
of the modulator 
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avoid edge effects caused 
by stress induced when the 
crystal was cut, or light 
scattered off the edges. 
A point source will spread 
out to 16 mm at the 
modulator if the focal 
ratio is f/9.4 or less. 
we wish to use a 1mm 
aperture without problems, 
f/8.9 is the minimum focal 
ratio. Since the modulator 
is not baffled on either side (see diagram) use of tele- 
scopes faster than given by this limitation will lead to 
light reaching the spectrometer without having passed through 
the modulator, and hence to erroneous results. The 
instrument is seen not to be well suited to the larger 
telescopes ( % 90 ") that operate at f/9 or so. It will 
be recalled from a previous section discussing the 
polariser wheel, that waveplates are sensitive to the 
speed of the cone of light passing through them. However, 
as KEIîP (1969) shows, a modulator, oscillating between 
+ it /2 and - 1r/2 retardance, rather than (I; + 1r/2) and 
- (I + Tf /2) is practically insensitive to the f- ratio. 
Other small stress effects may affect the modulator. 
Any inhomogeneities in the fused silica crystal will 
affect the standing wave stress patterns and lead to 
further field dependence of the birefringence. Further- 
more there may be a slight uniform stress in the crystal 
even when no exciting voltage is applied to the drive 
crystal. This is termed static stress, and is estimated 
by the manufacturers to be the equivalent of a retardation 
of less than 0.010 wave in the visual. A form of 
anharmonic driving of the crystal may lead to a time 
dependance of the stress birefringence equivalent to a 
sinusoidal variation superimposed on a non-zero constant 
level. It will be shown later (section _?) that both 
these effects are eliminated by taking measurements with 
the polarimeter in 0° and 90° orientations. 
There are two sets of necessary calibration associated 
with the modulator. The first is to choose the size of 
the integration window within each half cycle. The second 
is to choose the excitation voltage to be used for each 
wavelength. 
26 
The first of these is preset in the present instrument. 
As will be discussed in the section on the counter, the 
window is set at 6.Lr sec (in a half cycle of 10IA.sec) . 
This is mainly for historical reasons - and is not 
the optimum setting for this parameter. We should choose 
the integration window, 
2A, such that the 
error in our measures 
of polarisation, dr, is 
minimised. Clearly, as 
increases, the 
effective integration 
time increases, and d 
decreases as more photons are counted. However, the larger 
the value of ZS, the worse is the fit of the sine wave to 
the ideal situation of square wave chopping from + 1t/2 
to - 1Í/2. The polarisation measured with the calibration 
filter, pCAL or depolarisation factor, will hence decrease. 
This is our measure of efficiency of the polarimeter for 
the detection of polarised light, and each measure is 
subsequently corrected viz p1 = p /pÿß. Similarly, O' _ 0"., p-rA_T 
Therefore we may say 
and this is the quantity to minimise. 
A computer program was written to simulate the 
polarimeter in order to investigate this and other effects. 
The program uses the Nueller calculus to describe the 
various components in the optical train. The various 
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matrices are detailed in Appendix Al . Light, which is 
presumed unpolarised, is incident initially upon a 
calibration_ filter. This is modelled as a partial 
polariser, set with its axis at 45 
0 
to that of a wave- 
plate which follows it. This waveplate gives 11'2 
retardante at wavelength, 1X,ß, the dependence with wave- 
length being given by 4=7T/2 x IX 4/A . The fast axis 
of the waveplate sits at an angled , to the stress axis 
of tha modulator, which is the next component. The stress 
axis of the modulator acts as the defining axis for the 
system. The principal intensity coefficients, ?_1 and ?_2, 
and o( , can be varied within the program. The 
modulator is treated as a sinusoidally varying retardation 
plate, so: 
St = Som s.n, (W) (2.) (2.S.2 
where: psec 
o x z Tr/2. X % P/ 
PA can be set within the program. The final element is 
a further partial polariser (the analyser) which is set 
+ o 
at either - 45 to the modulator stress axis. 1.1 and I:2 
for this polariser, and the sign of the angle are the 
variable parameters here. In matrix form, using the 
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The program acts as follows. After all parameters are 
set, including the wavelength under investigation, ¡\ , the 
program works out the intensity transmitted through the 
system at each of twenty points in the modulator cycle (i.e. 
at i N,sec intervals) and prints the values. The flux is 
then numerically integrated in the two windows, between t1 
and t2 and between t3 and t4 and a polarisation and an 
intensity derived. ti _k can be individually set. Figure 
shows an example of the intensity waveform produced. 
The program uses analytic expressions throughout, 
except for the numerical integration. For more complicated 
situations than the above, it would be easier and more 
flexible to allow the computer to multiply the various 
matrices together numerically. The numerical integration 
was done with a least square polynomial fit up to sixth 
order if necessary. 
In the instrument we do not know the peak retardance 
S 
max 
to which the modulator is being driven. We know only 
the exciting voltage (Y7) we are using. The relation 
between the two quantities should at least be roughly 
linear, but will depend on the exact properties of the 
two crystals. To choose the correct exciting voltage 
for a given value of and /X, pCAL is maximised with 
respect to NV. This was done with the program and the 
following table produced. 
2Q (p.sec) pOAL(max)% ó axi 1172 (POAL(max),-1 44 
5 98.5 1.09 1.114 
6.5 96.2 1.16 1.000 
7 94.,8 1.18 .078 
7.5 91.3 1.25 .952 
(8.5) interpolated .950 
9 85.8 1.27 .953 











































































































































































































































































































































































The optimum value of 4 is hence seen to be around 
4.25 usec. If Q were changed in the RC spectropolarimeter, 
according to these figures, integration times on objects 
could be reduced by 10 for the same error. 
This calibration was tried out on another polarimeter 
which is optically identical, but has improved reduction 
and control electronics. In this instrument, LS is adjustable. 
The following table resulted. 
2A (rtsec) p,AL(max) (¡) M7 (volts) (pCAL(max) 5í) -l* 
5.7 96.33 3.50 1.000 
6.2 95.38 3.55 .968 
6.7 94.20 3.65 .943 
7.2 92.71 3.74 .925 
7.7 89.73 3.77 .924 
8.2 84.83 3.80 .947 
8.7 90.18 3.79 .973 
9.2 76.33 3.81 .993 
normalised to 24 = 5.7 iwsec 
The optimum setting is seen to be N 7.5rsec. We can make 
the following comments: 
(a) The maximum value of p,AL matches the theoretical 
values quite well, especially at lower values of A 
Since the program is using a reasonably crude 
model of the polarimeter, the agreement is 
encouraging. See figure A4. 
(b) The observed values drop off more rapidly with 
increasing Q . This is how the optimum setting 
is reduced to 7.5 sec. It seems that as the fit 
of the sinusoidal waveform to the ideal square 
wave becomes worse, various non -idealities become 
more important. 



















































5 6 7 8 9 10 
Integration Window (2 0) }sec 
Figure A4: Dependence of calibration polarisation on width of the 
integration window. Open circles are predicted value 
(computer simulation) while filled circles are measured 
values. 
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well with (.6mar / (S ma,-) found by the 
simulation. 
The second calibration necessary is the relation between 
exciting voltage and wavelength. This is chosen by 
maximising p_,, at a particular wavelength b?r varying n' 
The measured values are attached (table A2,, figure A5). 
As will be explained in the section on waveplates, we use 
two sets of retarders depending on the wavelength of 
interest. The modulator is calibrated separately with 
each set. To decide which of the two sets of retarders 
we are to use at a given wavelength, we merely note which 
has given the largest value of (pCAL)max in this calibration. 
The modulator calibration was checked at a couple of 
points from time to time and once in more detail (Table. 
There appears to be no appreciable change in the calibration 
The high linearity of the 
reassuring evidence that the modulator is still oscillating 





























































































































































































































































































































2.4 The Analyser 
Beneath the modulator in the optical train, there is 
a linear polariser. This acts as a polarisation analyser 
in converting polarisation information into intensity 
variations, modulated at 50 kHz. The analyser is mounted 
such that its axis is at + 45° to the stress axis of the 
modulator, and it can be rotated so that this angle is - L15 °. 
The rotation is done by a stepper motor, and the angles are 
defined by optical encoders. The movement between stops 
takes about 2 seconds, the motor executing some 500 pulses/ 
sec. The gearing is such that each step is equivalent to 
about 0°1. Backlash between the gears may degrade the 
repeatability of these positions to about 0. °1, but this 
figure is not well known. Normally in a system with stepper 
motors and optical encoders, repeatability should be 
perhaps a fifth of this. Optical encoders make use of an 
arm breaking the optical path betwen an, LED and a light 
sensitive diode. These LED's emit at wavelengths redward 
of 8500 R, and are bright enough for the photomultiplier 
to respond strongly if such light reaches it. All encoders 
are well away from the optical beam in the ROE spectro- 
polarimeter. It was unfortunate that the encoders which 
defined the analyser 'A' and 'B' positions could not be 
adjusted while the instrument was assembled. As a result, 
small errors are expected in the angles at which the analyser 
was set relative to the axis of the modulator. The most 
likely error is that the angle between the two encoder 
positions was perhaps as low as 85 °, with the centrepoint 
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displaced no more than a degree or so from the axis of the 
modulator. 
The linear polariser is a piece of Polaroid Corporation's 
HNP'B polaroid. The material is available as a butyrate 
lamination which is only l50µ thick. The filter is cemented 
onto a metal ring. Almost inevitably, the filter warped 
badly during the cementing process, but even so no 
distortion of the image seems to arise. One unwelcome 
effect is the amount of light that is reflected from the 
upper (and lower) surface(s) . 
HNP'B becomes birefringent at wavelengths greater than 
r 8200 Á. Measured polarisation with the calibration 
filter inserted is very low ( 10%) at these wavelengths, 
and there are reasons to believe that some effect appears 
at shorter wavelengths than this. Consider the [figure A6. 
Here, measures of polarisation are recorded with the cali- 
bration filter inserted in the four states of the instrument, 
i.e. with the analyser lying at + 45° to the Taodulator ( "A" 
position) and - 45° ( "B" position) and with the polarimeter 
at 0°, and 90° positions. Note the increasing divergence 
between polarisations measured in the 0° and 90° positions. 
The difference between polarisation measured for different 
positions of the analyser are understandable, and will be 
dealt with in detail later. However, with the calibration 
filter in the beam, all polarisation information from the 
source of light (in this case Jupiter) is destroyed by the 
linear polariser which is the first optical element in the 
beam. Any difference between the polarisations measured 
in the 0° and 90° positions must arise therefore in the 
36 
JUPITER 24/25 JAN 1978 
85-- 
I I I I I t 
6800 6900 7000 7100 7200 7300 7400 
7s,) Wavelength ( 
I I 
7500 
Figure A6: Measured calibration polarisations of Jupiter. 0° and 
90° refer to orientation of polarimeter, while A and B refer to orthogonal positions of the analyser. 
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interaction of the light emerging from the polarimeter with 
the spectrometer, or in the effect the different geometry 
has on the scattered light leakage into the system. The 
last is most unlikely, since no other lights were on in 
the dome, and the encoders do not emit at these wavelengths. 
It is hard to see how any scattered light effects would 
only start to influence the measured polarisation at these 
near infrared wavelengths. Birefringence in either the 
analyser or the spectrometer is hence suspected. As the 
analysis to follow will show, birefringence in the 
spectrometer is unlikely to have any significant effect 
on the signal. Clearly then we cannot fully trust the 
absolute level of measured polarisation at wavelengths 
longer than x.7200 angstroms. At wavelengths greater 
than 7600 - 7700 R, calibratión,filter polarisations are 
so small, and changing so rapidly that any measurement of 
polarisation must be treated with some degree of suspicion. 
The properties of HNP'B are summarised in the attached 
table A3. 
The use of polaroid requires justification. Advantages 
must be presented to balance the loss of some 70% of the 
useful light. The most obvious are cost and size. HNP'B 
is still only about E5 per square inch, and its thickness 
means that it neither significantly affects the focus of 
the beam, nor causes image motion when rotated. Hence it 
does not have to be precisely flat. Its major advantage 
lies in its very wide field. Since there is no necessity 
to collimate the light for the modulator, the analyser, 
or any interference filters, we can dispense with the usual 
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collimating lens before the analyser. This lens can give 
instrumental polarisation through strain birefringence - 
particularly limiting in the measurement of very small 
circular polarisations. The chief drawback of using 
polaroid is the light loss. Its reflectivity can be 
countered by tilting it, though this is not (deliberately) 
done in the present instrument. The onset of birefringence 
in the red and the high opacity in the ultraviolet are both 
limiting factors. 
A prism polariser such as a Rochon or Wollaston would 
be more difficult to use than polaroid. Rotation would 
require great care due to the prism's larger size and need 
for careful alignment. Its larger depth would remove the 
modulator yet further from the focus of the telescope (see 
above). While the field of view is nowhere as large as 
that for polaroid, values of 8° - 16 °are usual which is 
about the angular aperture of the static waveplates we 
use in the measurement of linear polarisation. These 
correspond to f/7.1 and f/3.6 respectively, far faster 
than this instrument uses in practice. A prism could 
produce a beam of light at least 99.9% polarised (in 
both beams) over the entire wavelength interval to which 
the photomultiplier is sensitive, with little light loss 
(K1 P.-0.9). The use of both beams would be rather difficult 
as both the analyser and the entire polarimeter separately 
rotate. There are problems, too, in trying to put two 
beams through the spectrometer. Even so, an increase in 
the system throughput of 50% could be made by using just 
one beam of a polarising prism. The useful wavelength 
interval would also increase. 
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2.5 The spectrometer 
The grating spectrometer used is a GCA /McPherson, 
model 218, which employs the crossed Czerny -Turner 
configuration. The optical schematic is shown as figure 
A7 Light is focussed by the telescope onto the entrance 
aperture A, and diverges again until it reaches the 
collimating mirror B, some 30 cm away. This mirror, 
roughly 55 mm square, produces a parallel beam of light 
for the grating (C). Depending on the angle at which the 
grating is sitting relative to the oncoming light, quasi- 
monochromatic light of a certain wavelength is diffracted, 
still parallel, to the camera mirror D which reimages it 
onto the exit slit E. B and D are identical aspheric 
mirrors in order that off -axis effects - should disappear by 
symmetry. The entrance and exit slits, the grating and 
both mirrors are all coplanar An eyepiece can be inserted 
into the optical train at F, in order to check that the 
object being observed is centred and in focus in the 
entrance aperture. Use of the crossed configuration leads 
to a compact design which is easier to baffle against stray 
light and does not call for the two subsidiary 45° mirrors 
just inside the exit slit and entrance apertures which 
other spectrometers use to direct the beam. This cuts 
down on light loss, but leaves the exit slit somewhat 
inaccessible. The spectrometer is in fact designed for 
work in the vacuum ultraviolet and is hence very rigid 
and was, originally, airtight. Wavelength scanning is 
performed by a lead screw acting on a sine bar and driven 











Figure A7: Schematic diagram of the McPherson monochromator, showing 
dimensions. 
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changes the wavelength. The driving arrangement is shown 
as figure .^_3 . t can be shown (Appendix Ä3 ) that for a 
linear relation to exist between rotation of the lead 
screw and the central wavelength diffracted to the exit 
slit, a( + 0 = 90 °. There are several gratings available 
for use with this instrument, and they are easily inter- 
changeable. Details are given below: 
Ruling density Blaze Wavelength 
grooves mm -1 () 
Reciprocal dis- 
persion at exit 
slit 
R mm 
1200 5000 26.5 
1200 1200 26.5 
300 5000 106.1 
150 5000 212.2 
If nQ is the blaze wavelength, a grating is normally 
regarded as useful betwe ̂.r > 2/3 2R and 4. 3/2V. 
The grating with = 1200 R is seen to be of little use 
for an astronomical instrument. 
If a grating is inserted at an angle by mistake, or the 
angle is not correctly set by the manufacturers, this linear 
relation will no longer hold. The true wavelength will 
then vary by more than just a zero point correction applied 
to the counter mechanically linked to the lead screw, and 
will involve the cosine of an angle near 90 °. Another way 
in which a wavelength error dependant upon wavelength could 
arise is a mismatch between the true and assumed proportionality 
constant between wavelength and the angle of the lead screw. 
All the available gratings are 51 mm square. If the 
whole grating is to be used (for the highest resolution), the 
spot of light on the collimating mirror must be 51 mm in 
diameter, and hence the focal ratio of the incoming light 
42 
Figure A8: McPherson monochromator sine arm driving arrangement 
for the rotation of the grating. A = grating. DGCJ 
is a lead screw. 
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should be fi5.9. This is only for the case of the grating 
no.cmal to the incident light of course. Taking the 'aspect' 
effect of the ti lted grating into consideration limits the 
fastest light cone to g/6.1. With the 1200 g mm -1 grating, 
normal incidence of the light occurs at a wavelength close 
to 4000 R. The theoretical resolution of the instrument 
will depend on the size of the spot of light on the grating 
through the equation (JAMES and STERNBERG, 1969). 
\ 
Resolving Power (R) = Ì/4 = M. n . ( 2. .5. 1 J 
where: m = Order of grating used 
n = Ruling density(grooves per mm) 
D = Diameter of spot (mm) 
A table of theoretical resolving power for normal 
incidence is given below: 








Resolving power of Orating 
1200 gmm -1 300 gmm 
-1 
150 Umm -1 
18.8 22500 5625 2813 
23.1 27692 6923 3462 
33.3 40000 10000 5000 
40.0 48000 12000 6000 
When considering f /16 and incorporating the aspect effect, 
these figures correspond to the following resolutions (Lai) 
at 3000 and 8000 angstroms: 
Wavelength (á) Resolytion for griting (R) _1 
1200 gmm 300 gmm 150 gmm 
3000 0.13 0.53 1.07 
8000 0.37 1.48 2.96 
The figures show that the spectral resolution is not 
limited by the gratings used, the following factor being 
more important. Consider again the optical schematic and 
consider the case of the grating acting merely as a mirror, 
,4 
i.e. operating in zero order. Any motion of the star in 
the entrance aperture in the direction given by the arrow 
will lead to a corresponding displacement at the exit slit 
and as the A1cPherson is a 1 : 1 system, it will be of the 
same amount. When the grating is used in first order, the 
effect remains, but now any movement at the exit slit is 
equivalent to a change in wavelength. Hence bad guiding 
can lead to serious wavelength errors, as we shall see later. 
Our resolution in the case of a star is given by the apparent 
size of the seeing disc in the entrance aperture. The 





(" per mm) 1200 gram 300 gmm 150 gmm 
f/13 60") 10.0 5.3 21.2 42.4 
f/9 90") 
f/16 60" 8.5 6.3 25.1 50.3 
The above calculation was made assuming the reciprocal 
dispersions given previously. In fact these dispersions 
are wavelength dependant because of the aforementioned 
'aspect' effect. In fact, if QX is a displacement at the 
entrance aperture, and L y the corresponding change at the 
exit slit, then: 
orD 9¿ LSD _ (IN A x ( Z 5.23 Td 
where B i = angle between incident light and grating 
normal 
Q d = angle between diffracted light and grating 
normal 








in cases when the resolution is liir tef by the size .0 ' 
the image in the entrance aperture, this will imply a 
change in the resolution of over 20 over the spectrum 
for one setting of the exit slit. Calculations of the 
reciprocal dispersion using details given in the I4cPherson 
manuals gave 25.4 2 mm -1 at normal incidence (i.e. around 
4000 2). It is not clear to which wavelength the quoted 
reciprocal dis per sion ( 26. 5 mm 
1 
) referred and it may be 
that the published dimensions are approximate only. In 
other parts cf this Thesis, when mention is made of resolution 
this is calculated from the manufacturer's figure and 
presumed wavelength independant. In critical cases, 
reference can be made back to the above table and the quoted 
resolution corrected. 
The entrance apertures are circular and of diameters 8, 
11, 2, 1 and mm. 'heir cross- sections are illustrated in 
the diagram below. The diameters correspond to 68, 32, 16, 
g and 4 arcsecs for an 
Ile Front Vtit.suope 
f/16 60" telescope, and 
E10, 40, 20, 10 and 5 
E-- Ur+ arcseconds for f /13, 60" 
or f/9, 90" telescopes. 
In the present co- 
6Gus oG ielesc Te 
figuration, then, the 
highest resolution that the instrument is capable of is about 
5 angstroms. Very good guiding is necessary to maintain 
the position of the centre of the wavelength band at these 
relatively high resolutions. If a star had drifted across 
the smallest aperture, the wavelength selected by the exit 
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slit would have shifted by". 13 angstroms. A combination 
of poor illumination of the apertures and the low magnification 
(actually negative!) of the McPherson eyepiece meant that it 
was difficult to centre the star to an accuracy of, say, 
better than 4 mm, i.e. somewhere within the smallest 
aperture. 
It was mentioned in the section on the modulator that the 
width of that component formed the limit to the speed of the 
light cone that could safely be put into the polarimeter. 
This limitation changes with aperture, as is given below. 
It can be seen that this instrument is not well suited to 
large (D > 1.5 m) telescopes which operate at ^0 f /9. 
If this limitation 
is exceeded, light 
will enter the 
spectrometer without 
passing through the 
modulator. This will 
dilute the measured polarisation. Since the light which 
finds its way around the modulator comes from certain areas 
of the telescope mirror, while light which does pass through 
it comes from other areas, the spherical symmetry of the 
Cassegrain focus position is destroyed and polarisational 
effects from the telescope optics may start to intrude. 
The McPherson was calibrated in wavelength against a 
Helium spectral lamp before each observing run and this was 
redone if a grating was removed or replaced. The image of 
a pinhole illuminated by the spectral lamp - some 2 mm 
across - was focussed onto the smallest aperture. 






Point Source 8.4 
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Occasionally tarer alz, ertures were used to increase the flua. 
_easures of i rten_si t,,- were tai>en on either side of the peak 
of a spectral line, and averaged to cive the instrumental 
wavelength of the line. This method (due to tir A. ickup) 
is more accurate than attempting to locate the maximum 
flux, as the gradient of flux against wavelength is steep at 
the measurement points. While the method assumes that the 
spectral lines are symmetric, slightly assymetric profiles 
were occasionally obtained with the spectral lamp. They 
would arise through miscentring of the image of the lamp 
in the aperture, leading to intensity variations across it. 
In such a case the zero point calibration will be in error 
too. In short, while the measurement accuracy was - 1 ç, 
the precision of the correction would be more of the order 
Flux 
( . 7 On one run 
a dependence of the 
wavelength error 
with wavelength was 
found for the 1200 g -1 
. (Blaze 5000 R) grating. 
7Th__s is shown as 
figure A9, and is 
attributed to the grating seating slightly differently in 
its holder (bee appendix A3). 
The exit slit is variable from zero (actually 5 microns) 
to 2 m,-n. The micrometer screws is marked in 10x1 intervals 
and is backlash frse to at least one interval. l One complete 




1st Oct 1978 





Figure A9: A wavelength dependent wavelength calibration error 
seen in September /October 1978. The equation of the 
best fit straight line are given. These measurements 
were made with a spectral source. 
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to 0.27 R w.th the 1200 
-1 
-1 gmm grating, 1.06 Á with the 300 g:nm 
grating, and 2.12 R with the 150 
1 
 The micrometer screw 
was damaged in transit before the observing run in January/ 
February 1978, and a series of measures was made of the exit 
slit to redetermine its relation to the scale and to check 
its linearity. These measures are summarised in figure !!10. 
The given linear relation was used to correct all 
resolutions from January 1978 onwards. The error of a 
single point was 7)0. . The linearity of the screw is better 
than these measures can show (the correlation coefficient 
for the line is .99993!) but an analysis of the residuals 
show that, although they appear to be distributed normally 
(?igure A1o) non- random trends are present (at better than 
the 99% level). Residuals were grouped according to the 
angle of the micrometer screw, but no significant effect was 
found. The non -randomness of the residuals is small, and 
may have been caused by the method of measurement. No 
further analysis was done. 
The alignment of the spectrometer is quickly checked 
before each observing run, by confirming that, with the 
grating set to zero order, the image of the entrance 
aperture is in focus and is central in the exit slit. 
Adjustments of the collimating and focussing mirrors serve 
to correct any misalignment found. 
The McPherson selects the 1st order spectrum produced 
by the grating. This is the order with the largest free 
spectral range, i.e. the part of the spectrum where no 
contamination by other orders is possible. In the 
astronomical context, some form of pre -filtering of the 
Sr) 
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Figure A10 : Measurements of the width of the spectrometer exit 
slit, with best -fit straight line superimposed. The 
inset shows a histogram of the distribution of residuals 
with a gaussian curve of equal area. 
light entering the spectrometer will be necessary when 
wavelength greater than 6000 angstroms are studied, as 
light at 3000 angstroms from the 2nd order spectrum will 
here start to contaminate the signal. To do this coloured 
glass Schott cut -on filters are used as order sorters. 
They are mounted in a wheel after the analyser and before 
the entrance aperture of the spectrometer. The following 
are available: 
Schott Filter Ido Transmits at wavelengths beyond :(á) 
GG 375 3500 
GG 435 4100 
0G 550 5200 
RG 715 6600 
There are two blank positions and the wheel is directly 
coupled to a stepper motor. The photomultiplier is 
sensitive out to n 9000 Á (see on) and so it may be 
necessary at times to cut out light with wavelengths 
less than 4500 angstroms. The RG 715 is clearly un- 
necessary for use as an order sorter. 
The throughput of a grating spectrometer depends on 
the state of polarisation of the incoming light. The 
monochromator acts chiefly as a partial polariser, but 
small amounts of retardance may also be introduced. Although 
both collimating and camera mirrors introduce small amounts 
of elliptical polarisation, the gratings act as the main 
source. There are several effects: 
(a) A broadband polarisance, increasing away from 
the blaze wavelength. 
(b) Narrowband effects at the Wood anomalies. 
(c) A single broad peak in the polarisation. 
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(a) The broadband effect can easily polarise incoming 
light to 30 - 50% at large distances from the blaze wave- 
length, even in first order. The polarisation shifts in 
position angle by 90° at the blaze wavelength and this is 
probably the most accurate way of determining this quantity. 
A plot of polarisation against wavelength for the mono - 
chromator with the 1200 gmm -1 grating blazed at 5000 
is presented as figure All. Note that this graph also 
includes the polarisation dependance of the photomultiplier, 
and that this will be discussed in a later section. 
(b) Wood's Anomalies (WOOD, 1902) are spurious light or 
dark bands that appear in a spectrum due to the rapid 
dependence of polarisation on wavelength in a narrow band. 
Only the transmission of light plane polarised in the 
direction perpendicular to that of the rulings (and slit) 
is affected and this can drop from 100% to 60% in 100 R 
^RECKINRRIDaE, 1971). AYL^IGH (1907) pointed out that 
in his theory of the diffraction grating, his solutions 
showed a series of singular points. These would occur at 
wavelength at which light of the same wavelength is 
diffracted in another order so as to graze the surface of 
the grating. The wavelengths, the Rayleigh wavelengths 
(k) were found to correspond to the Wood Anomalies. For 
a spectrometer of the design used in the ROE Spectro- 
polarimeter, the Rayleigh wavelengths are given by the 
following expression: 
_ 241/4 t ± (2.*IA Ïlktt) (n +zr) 
n+ 1 it (n Tana / (n t 2,h 
Where a = grating spacing 
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Figure All : The dichroic properties of the spectrometer. Unpolarised 
light entering the spectrometer is polarised to the 
amount shown. The grating used has 1200 grooves per 
millimetre, and is blazed at a nominal 5O00á. 
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o< = (Ái - gd) and 
5i 
and gd are the angles 
that the incident and diffracted light make 
with the grating normal (STEUART and GALLAWAY, 
1962) 
For n = 1 
a = 8330 R (1200 gmm -1) 
o(= 13° 55' 
k = 1 gives %.= 6769 R and 4267 R 
k = 2 gives %= 4109 R and 2542 R 
k = 3 gives ,t4t= 2944 R and 1812 R 
In the first order, the effect in the polarisation seems to be 
small. The accompanying graph (figure All) shows no obvious 
effects associated with these wavelengths. This is in 
agreement with the graphs of Breckinridge for zero order. 
However, detail in the spectra of objects - especially 
highly polarised ones such as Jupiter - should be treated 
with caution at and around these wavelengths. 
(c) BRECKINRIDGE (1971) suggests that a single broad peak 
in polarisation (up to 90 in second order) might occur at 
a wavelength given by: 
ñ = 0.7 a cosg ( 2.5.4 
where g = z (01. + gd) 
He appears to have been using a spectrograph arrangement, 
where wavelength scanning is achieved by moving the exit 
slit, and hence O is held constant. In the case of the 
Czerny- Turner spectrometer, wavelength scanning is achieved 
by changing ,Ó and we must solve with the grating equation: 
nñ = 2a sin O cos d 
Using the same values as above, 
tan 0 = 0.35 /cos 13° 55' 
(2.s5) 
Therefore O = 19.o8 corresponding to a wavelength of 
5487 2. No peak appears in the attached graph (figure All) 
and though it is possible that the specific blaze of this 
grating changes the factor, 0.7, the reality of the effect 
is questioned. 
Finally, we shall deal with the problem of stray light 
in the spectrometer. It is necessary to consider the factor 
when discussing the ROE spectropolarimeter because of the 
wide spectral sensitivity of the detector (3000 to 9000 Á) 
compared with the small bandpasses used ( 50 R). The 
flux measured in a passband at ultraviolet wavelengths near 
the atmospheric cut -off can easily be as little as 10 of 
the total flux from that star detectable by the photo - 
multiplier. Monochromators in general exhibit relatively 
poor performances as isolators of pure spectral elements. 
An laboratory might have a rejection 
factor of only 10 -3, i.e. for 1 , 9 SET, the transmitted 
intensity of wavelength is about 10 -3 of the incident 
intensity. This compares with values of 10 to 10 -5 and 
better for good interference filters. To reach these levels, 
two monochromators may be used, operating in "piggy- back" 
fashion, where one monochromator acts simply as a pre - 
disperser for the second. Some of this stray light arises 
because of the compactness and speed of the devices, since 
the wide beam and lack of room make effective baffling 
difficult. The McPherson 218 however is a large, relatively 
slow spectrometer, the crossed -beam design of which allows 
for efficient baffling against stray light. In 
this way, the 
effect of simple scattering by, for example, 
dust on the 
mirrors or grating, or reflectors from 
the inside of the 
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r spectrometer has been reduced to at least the 10 level 
and probably even further. There is however a geometrical 
effect that allows certain wavelengths of light to be trans- 
mitted through the spectrometer besides the specific 
wavelength for which the instrument is set. The effect is 
known as 'double diffraction' and involves the light beam 
of a certain wavelength encountering the grating twice 
during its passage through the spectrometer. Suppose the 
grating is tilted at an appropriate angle to select a wave- 
length at the exit slit. Light of other wavelengths in 
this and other orders leaves the grating at various angles 
and in the main is absorbed by the blackened interior of 
the spectrometer or by the baffling provided. A proportion 
of this diffracted light will however strike the two 
mirrors (collimating and camera mirrors) and some of this, 
if certain geometrical conditions are satisfied, will be 
reflected back to the grating. Under these conditions, 
some of this light can be diffracted (for the second time) 
to the exit slit in a different order. The transmitted 
intensity of light at such a wavelength will however be 
greatly reduced in intensity. While the light beam is 
parallel when it encounters the grating for the first time, 
it will be focussed by the following mirror (whichever it 
might be) and will form an image on the grating at its 
second diffraction. Consequently the beam will not be 
focussed by the camera mirror onto the exit slit. A 
further reduction in the throughput for light of such a 
wavelength, as well as the extra losses from the extra 
components in the light path, will occur because the second 
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diffraction will not be in the same order as the first. 
The problem has been investigated for this particular 
model of spectrometer (McPherson 219) by MARETTE (1969). 
His results indicate that no doubly- diffracted light can 
reach the exit slit when the spectrometer is set to a wave- 
length between 1600 Á and 4000 Á, while at 4500 Á (for 
example) light from wavelengths, between 3350 Á and 4150 F 
will contribute to the measured flux. Polarisation measure- 
ments collected on Ophuichi at wavelengths near the 
ultraviolet atmospheric cut -off suggest that, on the 
contrary, stray light is important at 3000 R (see Section 25). 
A simple experiment strongly supports the identification 
of double diffraction as the source of this stray light. 
If a light source illuminates the entrance aperture of 
the spectrometer, when the spectrometer is set to 3000 R 
and one looks into the spectrometer through the exit slit, 
an image of the entrance aperture is clearly seen on the 
grating. The image appears deep blue in colour, suggesting 
that the mean wavelength of the light making up this image 
was w 4000 R. In conjunction with the discussion above, 
these observations suggest that light is reaching the exit 
slit after double diffraction. MARETTE (1969) only 
studied the doubly- diffracted light which follows the path 
entrance aperture - collimating mirror - grating - collimating 
mirror - grating - camera mirror - exit slit. The case where 
the light path included two reflections on the camera mirror 
was not covered. It is suggested therefore that thi other 
case is important for the case of the McPherson 218 as it is 
in other spectrometers (e.g. PRIBEAIs and PE:TCHI A, 1968). 
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The easiest way- to avoid the problem of double difraction 
in the design stage of a new spectrometer is to arrange that 
the entrance aperture and exit slit are not in the sane 
plane, tilting the collimating and camera mirrors to suit. 
When this is done, it is easy to see that no light diffracted 
from the grating can reach the collimating mirror, and any 
light reflected by the camera mirror cannot find its wa- 
back to the grating. In practise one has to make do with 
the instrument to hand. In this case, double diffraction 
can be eliminated at the cost of a lower transmission of 
the spectrometer. Light that reaches the grating for a 
second time is (nearly) focussed, and an image of the 
entrance aperture is formed on the `rating. It follows 
therefore that if a mask is applied to the grating, as shown 
in the diagram below, this image cannot contribute to 
the flux reaching the exit slit. The height of the mask 
will be similar to the height of the exit slit. P.AREETTE 







2.6 The detector 
The image at the exit slit of the spectrometer is trans- 
ferred to the photocathode of the photomultiplier by a system 
of Fabry lenses. The purpose of a Fabry lens is to produce 
an image of the telescope mirror on the photocathode, so that 
the photocathode will be uniformly illuminated wherever the 
star appears in the entrance aperture of the system. In order 
to do this, the Fabry lens (which need not be of high quality) 
must be its own focal length from the photocathode. In the 
present thermoelectric cooler, the physical layout of the 
device prevents the lens being closer than about 109 mm from 
the photocathode. The other limiting condition is that the 
size of the image produced on the photocathode must be smaller 
than the photocathode itself, for all telescopes on which the 
instrument is likely to be used. These two criteria give the 
followin- limitations on a single lens system: 
(i) F ¡ 108 mm (ii) î / $ 4 mm 
where F = focal length of the Fabry lens and f = focal ratio 
of the telescope. These conditions imply that an instrument 
with a single Fabry lens would be limited to telescopes with 
focal ratio, f > 29. This is unacceptable. To be able to 
use the spectropolarimeter on fast telescopes (f /9), a two - 
lens system will be necessary. 
When the above considerations were realised, the following 
two -lens system was implemented. At the same time, provision 
was made to allow the photocathode position to be adjusted in 
a direction perpendicular to the dispersion of the grating 
in 
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order that the most sensitive part of the photocathode could 
be used. 
Lens Diameter Focal length Type 
1 25mm 30 mm Planoconvex 
2 50mm 60 mm Biconvex 
Both lenses are made of quartz and neither is anti - 
reflection coated. ',Thile an achromatic system would have 
been desireable, this would have lead to a severely reduced 
transmission of the system at wavelengths below 3500 Q. 
Achromatic ultraviolet -transmitting lenses can be obtained 
(their are made of magnesium fluoride and crystal quartz) 
but they are particularly expensive. Figure A13 shows the 
result of scanning a stellar image across the largest entrance 
aperture of the spectrometer. The scans are of the detected 
intensity against position in the aperture for three widely 
spaced wavelengths. The Fabry system is shown to be optimised 
for wavelengths near 5500 R. At other wavelengths, the edges 
of the aperture appear to be somewhat vignetted. For.the most 
accurate spectrophotometri, the Fabry system should be 
previously adjusted for the wavelength interval of interest. 
The lenses used are rather 'fast' (necessary to keep the unit 
compact) and will in consequence suffer enhanced light loss 
by reflection. This loss can be reduced dramatically by 
broad -band antireflection coating. Unfortunately the 
standard coatings (including multilayer coatings) lead 
to an 
increased light loss beyond the design range. While 
the 
wavelength interval 4000 - 7000 Q would have 
benefitted, the 




























Figure Al3 : Fabry scans. The effect of scanning a stellar 
image 
across the largest entrance aperture on the detected 
intensity. The image of the telescope mirror is 
seen not to be central on the photocathode. 
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The photomultipliers used are the RCA type C31034A 
which incorporate a Gallium -Arsenide photocathode and an 
ultraviolet -transmitting window. The photocathode is a, 
single opaque crystal of Ga -As at an angle of 30° to the 
face of the photomultiplier and with a projected size of 
10 mm by 4 mm. The multiplier section has Copper - Beryllium 
dynodes in a fast in -line 'linear focussed' arrangement in 
order to produce the sharp pulses ( 5 nsec) required for 
fast photon counting. The "31034A is selected for high 
sensitivity and achieves a remarkable quantum efficiency 
throughout the visible, having a peak value near 35 %. Table A6 
shows the wavelength dependence of the quantum efficiency for 
this tube from the RCA datasheet. When cooled to - 20 °C 
or better. the dark count from these tubes drops down to 
50 sec 
-1 
and, depending on the particular tube, sometimes 
10 sec -1. 
There are at least two factors that limit the amount of 
current that can be drawn from the photomultiplier. This 
limiting current translates into a maximum count rate, given 
the current gain of the multiplier chain. A working figure 
might be 100 nA = 1 x 106 sec -1. Of course the maximum 
count rate of the system may be determined by the bandwidth 
of the photon counting electronics. The widely -used 1120 
Princeton Applied Research preamplifier /discriminator is 
limited to about 2 x 106 sec -1 in actual operation by 
excessive counting losses (i.e. > 10%). If the anode 
current taken from a photomultiplier exceeds P- 1 ivA (for 
tubes with roughly this number of dynodes) the response of 
ñ"; 
of the tube to incident light starts to become non -linear. 
Excessive exposure to light levels corresponding to anode 
currents in excess of 1it4A can lead to a permanent reduction 
in the sensitivity of the system. Simply put, the problem 
is in the cascade of photoelectrons onto the last dynode. If 
this becomes too great the dynode will literally start to 
evaporate under the bombardment and the performance of the 
tube will deteriorate. The RCA data sheets give the maximum 
safe anode current for the C31034A as 1000A but the limiting 
factor here is somewhat different. Gallium Arsenide photo- 
cathodes consist of a single crystal and are very sensitive 
to abuse. If too much current is taken from the photocathode, 
the structure of the crystal is affected and its performance 
suffers. Clearly, since the anode current is just the cathode 
current multiplied by the current gain, the corresponding 
limitation on anode current will depend on the gain and hence 
on the high -tension voltage applied to the dynode chain. The 
critical parameter is the light level illuminating the photo- 
cathode rather than the anode current, a point that is not 
made clear in the RCA datasheets. 
Two coolers were used at various times. The first was 
a Princeton Applied .Research thermoelectric cooler 
which was capable of cooling the tube to -20 °C. In warm 
weather this cooler had some difficulty in maintaining the 
low temperature and some observations were made with an "_I- 
Gencom closed -cycle Freon cooler (model CH -1S). This is a 
powerful cooler capable of maintaining the tube at - 40 °C, 
though in operation it was kept at around - 25°C. It is 
important with this highly efficient cooler that the tube 
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not be cooled too quickly, lest thermal stresses destroy it. 
A rate of between 10 - 1500 per hour is about the maximum 
safe speed. Both coolers incorporated quartz vacuum windows 
and the normal magnetic shielding for the rhotomultiplier. 
The values of the dynode chain resistors were set by the cooler 
manufacturers from recommendations for photon counting by PCA. 
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2.7 The Pulse Counting System 
Current pulses corresponding to individual photons 
striking the photocathode of the photomultiplier pass 
through a preamplifier- discriminator and then to the two - 
channel counter. These are considered briefly in turn. 
2.7.1 The preamplifier- discriminator used is a Princeton 
Applied Research (SSRI) model 1120. Its function is to 
amplify pulses from the photomultiplier for transmission 
to the remote counter and to reject smaller than normal 
pulses which are predominantly noise pulses originating 
in the multiplier chain. The 1120 is mounted at the 
telescope and connected to the base of the tube by the 
recommended short double -shielded coaxial cable. Little 
trouble with pick -up was observed. Occasionally the 
dome rotation motors produced spurious pulses. This was 
always checked before attempting to move the dome when 
observations were in progress. 
The 1120 is a single level discriminator only and 
cannot reject the very large pulses that are caused by 
cosmic ray events and the like. It has a specified dead 
time of 30 Asec and pulse width of 30 Asec, giving a 
maximum counting speed of around 17 MHz. This was checked 
by using a signal generator. The discriminator level was 
:set in accordance with the method of the PAR manual. This 
method aims to provide the lowest 'safe' discriminator 
level and does not purport to be an optimal setting. Since 
the HT supply to the tube was set to a level at 
the lower 
end of the 'plateau' region (to minimise the anode 
current 
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taken from the tube) the discriminator level should then 
be varied to optimise the signal -to- noise. The alternative 
method is to fix the discriminator setting and var/ the 
supplied voltage to the tube. The aim in either case is 
to maximise the quantity 
S¡j. (Li*ht + Dark) - P? (Dark) N 
. f '_? ( ,'ar` 
where I' (Dark) is the observed count rate (for some 
discriminator level ) when no light is falling on the 
photomultiplier photocathode, and N (Light + Dark) is 
the corresponding value when a weak source (i.e. such that 
i (Light) is comparable with IT (Dark)) illuminates the 
photocathode. Unfortunately with the adopted value of HT 
applied to the tube the height of the photon- generated 
pulses was not sufficiently separate from the mean of the 
dark pulses to enable this discriminator to be accurately 
optimised according to the above criterion. 
2.7.2 The two -channel counter is a Princeton Applied Research 
(SSRI) Digital Synchronous Computer, model 1110. It has a 
maximum specified counting rate of 85 MHz and scaler 
capacities of up to 10- counts. The counter is located 
remote from the telescope, and accepts pulses from the 
preamplifier- discriminator down a shielded coaxial cable 
up to 10 metres long. The counter operates in two modes. 
In DUAL mode, used for photometry, pulses are gated to 
one of the two scalers (A) until a certain preset number 
of cycles of the internal (1 MHz) clock have elapsed. If 
necessary, a separate signal can be independantly gated 
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to the other (E) scaler. In the CHOP mode, used for 
polarimetry, the two counters are used sequentially, and 
pulses are gated to each in turn in accordance with an 
external chopping waveform, in this case the reference 
signal from the photoelastic modulator. within the model 
1110, adjustable level and slope detectors produce AGATE 
and EGrTE windows in the positive and negative halves of 
the modulator cycle. After a delay, a DETECT window is 
opened, and counts are allowed to pass into one of the two 
counters depending on the AGATE and BGATE signals. The 
length of the DETECT window is determined by thumbswitches 
on the rear of the model 1110. The process continues 
until a preset number of modulator cycles (not internal 
clock circles) has elapsed. 
The counter has been modified somewhat from the basic 
instrument described in the PAR manual (by W. Cormack) . 
8 -digit boards have been incorporated to allow the calculator 
to determine the polarisation and flux with full accuracy. 
Since the internal operation of the counter is synchronised 
to a 1 !Hz internal clock and this is not synchronised to 
the modulator cycle, a 'jitter' appears on the DETECT 
window. While the length of the window is not affected, 
the position of the window within the modulator cycle 
becomes uncertain by Ziusec. The effect should average 
out over the large number of cycles contributing to an 
integration (certainly )010'). However to make sure that 
no problems arose in the gating circuitry and to remove 
any possi bilit y of consequential effects on the polarimetry, 
certain operations within the counter were altered (7. 
Cormack) 
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to run nn a 4 NHz clock. The jitter is thereby reduced 
by a factor of 4. A troublesome counting bias appeared 
between the two counting channels from time to time. 
The above modification did little to reduce it. A new 
power supply was incorporated into the counter, and the 
DETECT window circuitry simplified in an attempt to 
reduce race hazards. The length of the DDTECT window is 
now set by a simple monostable giving a fixed integration 
time of around 5.4 p,sec. These modifications (by ?T. Cormack) 
helped to reduce the counting bias to tolerable levels 
(see below) . 
2.7.3 There are at least three effects in the photon counting 
system which can affect the measurement of polarisation. 
Any bias between the counting channels of the counter 
will clearly give an instrumental polarisation. A 
significant dark count from the photomultiplier will 
diminish the measured polarisation. Counting losses at 
count rates near to the maximum specified for the 
discriminator/ counter combination will also affect the 
measured polarisation. 
The counter bias was checked periodically using the 
photomultiplier as a source of pulses. Sources of 
regular pulses such as pulse generators could give 
misleadingly optimistic values for the bias up to an 
order of magnitude less than that observed with the 
irregular pulse strings from the photomultiplier. Despite 
frequent attempts to eliminate it, a bias remains which 
is dependant on count rate. If the counts collected in the 
two channels were N1 and N2 and we define the spurious 
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polarisation arising from the counting bias as: 
Ps 
= (111 - 
Nz) / (IT 1 + I2) (2.7.3.1) 
then values of ps up to 0.05% were observed, with the 
average value being about 0.02¡x. The effect is 
eliminated by averaging together measurements made with 
the analyser orientated at A = 45° and 135°. 
If in a particular counting interval, N and N2 counts 
are accumulated in the two channels of the counter, our 




= (ï;1 - i;2) (:;1 + :2) 
If in the same period of time, the photomultiplier 
contributed D dark counts to each channel, then the 
measured polarisation would be reduced to 
(2.7.3.2) 
p = (Ki - TT2) / (Ni + Ti2 + 2D) (2.7.3.3) 
Dark count is regularly monitored and subtracted from 
each channel before the polarisation is calculated. 
The limiting count rate of the photon counting system 
is determined by the preamplifier -discriminator with an 
effective specified deadtime of 60 nsec. However in 
practice it is known that effective deadtimes larger than 
that specified by the manufacturer are observed. r,Tith 
the presently used photomultipliers this quantity is 
difficult to determine experimentally as we are limited 
to count rates less than about 1 x 106 sec -1. Two 
methods were attempted. In the first the count rate from 
the brightening dawn sky is measured with a large and 
n 
with a small aperture. As the sky brightens the count 
rate observed with the large aperture will be affected 
by counting losses and the ratio of the count rates 
measured with large and small apertures will no longer 
remain constant. The second method is to measure the 
calibration polarisation with the brightening dawn sky 
as source. 'Then measuring calibration polarisations, 
N1 i N2 in equation (2.7.3.2) . As the dawn sky 
brightens, N1 will be affected much more by counting 
losses than will N2, and the calibration polarisation 
should decrease. Neither method turned out to be fully 
reliable. The best value obtained for the effective 
deadtime was t = 70 
± 
10 nsec. Using the standard 
linear correction for counting losses and applying it 
to equation (2.7.3.2) above we find 
p*; /p = (1 + nt) / (1 
+ (1 + p2) nt/2) (2.7.3.4) 
where p = measured polarisation, p* = true polarisation 
and n = measured count rate. Therefore using the derived 
value for t, at a measured count rate of 1.0 x 106 sec-1, 
a measured polarisation of Z would imply a true 
polarisation of 1.043gÿ. The effect has not be corrected 
for in measurements in the Thesis, although it is planned 
to incorporate such a correction into future software. 
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2.8 Control system 
Certain aspects of the control system have been 
touched on elsewhere in this chapter. The treatment 
here is brief and User- orientated. 
Figure A15 is a block diagram of the spectrOpolarimeter 
which illustrates the control hierarchy of this instrument. 
The calculator controls the cassette tape unit and plotter 
directly through interface cards. It is interfaced to the 
spectrometer control unit via a serial link and to the 
counter by a parallel link. In this way, photon counting 
can be initiated and the accumulated totals in the two 
scalars read under program control. By way of the 
hard -wired TTL logic spectrometer control unit, the 
analyser can be rotated between two positions, and the 
wavelength setting of the spectrometer can be selected. 
The analyser moves between two positions defined by 
optical encoders. When started up, the system 
automatically seeks one particular position, but after 
this the calculator may only change the position of the 
analyser and is not aware of which position the analyser 
is in. Two commands are necessary to change the wavelength 
setting of the spectrometer. Firstly the destination 
wavelength is loaded or 'latched' into the spectrometer 
control unit. This unit calculates the number of pulses 
that require to be sent to the stepper motor turning a 
lead screw in the spectrometer. On the second command, 
the spectrometer wavelength is changed. The destination 
wavelength then becomes the 'current' wavelength. When 




































































































































































be dialled into the spectrometer control unit on 
thumbswitches. Occasionally pulses sent to the stepper 
motor are dropped or lost and the spectrometer does not 
achieve the requested setting. The problem becomes 
particularly serious .in very cold conditions and if not 
promptly corrected (by resetting the current wavelength) 
leads to accumulating wavelength errors. 
The polarimeter control unit is a stand -alone 
hard -wired logic unit through which the polariser and 
order sorter wheels may be rotated. The requested 
filter position is dialled in on thumbswi.tches. Two 
sets of holes are drilled in each wheel and for each 
filter position. A small hole on the outside of the 
wheel acts as a locating or index hole. Fearer the 
centre, larger code holes provide a binary label to 
each filter position. The relevant wheel rotates 
(always in the same direction) until an index hole is 
found. Then, if the code holes match the required 
position the unit stops, else it continues until the 
correct position is found. 
The calculator sends commands to the spectropolarimeter 
to change the status of the instrument by outputting one 
digit numbers. The relevant assignments are now given: 
1 "Latch" destination wavelength into the 
spectrometer control unit. 
Love spectrometer to destination wavelength. 
3 Start counter and, on completion of integration 
time, read foreground channel count into the 
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x- register of the cri. culator. 
4 Read background channel count into the x- register 
of the calculator. 
5 Change position of analyser. 
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2.9 Data Collection and Reduction 
We have seen above how the calculator controls the instrument, 
and how it acquires data from the counter. In this section we are 
concerned with the order in which the information is gathered, and 
what the reduction system does with it. 
2.9.1 The Reduction System 
The system used consists of an Hewlett- Packard HP9810A calculator 
with added mathematical functions (a "Maths Block "), an HP9865A fast 
cassette tape store, and an HP9862A flat bed plotter. Each component 
will be quickly described. 
The calculator in its modified form has 111 storage registers, 
and 1012 program steps. RPN logic is used, but operating on a 
three register stack - all of which are displayed simultaneously. 
The calculator can display up to ten digits plus a two digit exponent. 
Fixed format or floating format can be selected, but the number of 
digits in the floating format display is not under keyboard or 
program control. Display format does not affect the accuracy of the 
calculations which, with the help of two guard digits beyond the ten 
displayed, is kept to better than 5 x 10 -10 for most operations. 
The calculator has a quiet thermal non -contact printer producing 
output with a field width of 14 characters, and also an integral 
magnetic card reader. A program is simply a list of key strokes 
such as the handheld HP calculators use, but for the 9810 there are 
no merged instructions or user -defineable keys. However, one flag 
is available and up to five levels of subroutines can be used. 
Indirect addressing and memory arithmetic are fully developed. 
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The basic calculator has the functions INT, /x , aG z 4r-c: ) 
and 1 , and other functions are available with the plug -in 
"Maths Block ". Trigonometric functions and their inverses, logarithmic 
functions and their inverses, and a number of interesting special 
functions then become available. Unfortunately, at the time of 
writing of the control programs to be described, no manual was 
available, and many of the cleverer functions could not be utilised. 
The cassette unit can store up to 6000 data registers or 48000 
program key strokes on a 300 foot length of magnetic tape. This 
equivalence of 1 data register ? 8 program steps is typical for 
most calculators (e.g. TI 58 and 59). Files on the cassette tape 
are labelled by numbers and can be of different lengths, so 
optimising tape use. The size of the files must be defined before 
recording any data or program steps onto the tape. A useful feature 
of the device is its technique for finding a specified file. The 
unit drives until it finds a file header, and having found out where 
it is, drives in the correct direction to reach the requested file. 
It moves at high speed but slows down when close to the file requested. 
While the cassette unit is relatively fast, having a search speed of 
130 feet per minute, the large control programs used require a lot 
of tape movement, and some considerable amount of time is spent in 
this way. In a normal run, it is possible for up to 11 programs to 
be loaded, 18 data files to be loaded, and 17 data files to be 
stored. Each file must be found before any operation is performed 
upon it. Some typical time for these operations are given: 
To find the next file on the tape 
To load a program, having previously found it 
To find and store the first data file 






To rewind from the last data file 
(e.g. to load the next program) 
19 seconds 
All times are approximate. The cassette unit is somewhat 
sensitive to static. The discharge from a nearby astronomer can 
cause the unit to rewind to clear header erasing all programs and 
data on the way. The calculator itself is also venerable to static. 
A discharge will completely clear the program memory and hence halt 
execution. 
The plotter is capable of producing graphs up to 38 cm by 25 cm 
in size. Numerical resolution is 10000 i.e. each axis :s internally 
divided by the plotter into 10000 units. Built -in software converts 
the user's unit into these basic plotter units. The plot accuracy 
is specified to be 4;0.3% of full scale, with a resettability of 
.18 mm. These figures are roughly in accord with our experience. 
Plot accuracy is at least as good as the thickness of the pen 
( < .5 mm). The pens can be changed quickly and are available in 
four colours. Graph paper is held to the platen electrostatically. 
This plotter will plot a 12 mm vector in approximately 90 msec. 
Axes can be drawn and fully annotated, points plotted and lines 
drawn by the built -in software provided. 
By todays standards, the HP 9810A is a crude and rather limited 
device. It is fascinating indeed to realise this calculator was 
"state -of- the -art" in 1973, and to consider the vast progress which 
has taken place between then and now. In 1974/5 when this system 
was purchased, it cost between £6500 and £7000. In 1979, in a 
proposed update to the Spectropolarimeter, a vastly superior system 
using a PET microcomputer with twin floppy disc drives and a printer 
was costed at little more than half this amount. When inflation is 
taken into account, the real cost would probably be less than 
a quarter. 
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2.9.2 Previous Software 
A control program was written for the Tenerife observing run in 
the Autumn of 1977. This program is known as SPC (for Spectrolklarimeter 
Control),- It was written and tested with W. A. Cormack. It drew 
upon his experience and upon previous control software for this 
instrument. The reduction procedures implemented were derived by 
R. D. Wolstencroft. A spectrum scanning program and an Axes plotting 
program both written by Mr. Cormack were also available for this 
run. 
SPC was a single wavelength, exclusively linear polarisation 
program. An outline flow chart is given as diagram Al . For 
each waveplr,te, polarisation measure are made alternately in each 
of the analyser positions until four of each are obtained. From 
these values a mean value and an erròr are derived for both PA and 
PB. Besides spending a fair amount of time chopping from one position 
to the other, this procedure means that the mean and error calculated 
come from only four measures. Statistically such a procedure is 
not to be recommended. Notice that annotation is poor. Details 
such as modulator volts used, objects observed, resolution used, all 
have to be manually written onto the output. Trouble was also 
encountered with high dark counts, which as we have seen above,can 
seriously affect polarisation measurements. A large amount of 
manual offline reduction was necessary to correct for this. Finally, 
if a mistake were made during a measurement, or cloud extinguished 
the star, the program had to be restarted from the beginning, 
necessitating further offline reduction. The Axis plotting program 
and the spectrum scanning program were completely independant of SPC, 
and were run as stand -alone programs. All programs were recalled 
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Set Order Sorter 
Set Polarimeter to 0° 
Insert Calibration filter 
SUBROUTINE 1 
Insert Q waveplate 
SUBROUTINE 1 
Insert 1A waveplate 
SUBROUTINE 1 
(2.< 
Is Polarimeter at 90°? 
Ycs 
> 
Set Polarimeter to 90° 
Calibrate and print 
pAO' pBO' pA90' pB90 
for Q waveplate 
Calculate Q and print 
Calibrate and print 




U. and print 
Calculate 
P and print 
Calculate and print 
SAO' BO' CrB90' CrB90 
for 
Calculate and print O''sp 
Calculate and print 
SAO' aBO' CrA90' 
Calculate and print 
Calculate and print 
C 
Calculate and print 
Calculate and print 








Take 8 measurements with the analyser alternately in the A 
and B positions. Calculate 
4 
I m)e 4 
¿_ 1 
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2.9.3 
from the cassette unit as required. 
Present Software 
The present control program for the ROE Spectropolarimeter is 
known as GAP (for General Automatic Polarisation program). It was 
written to avoid the problems associated with SPC and discussed 
briefly above. Although the program has been modified slightly in 
line with experience, the basic structure and most of the detailed 
structure has remained unchanged. Certainly the reduction procedure 
is identical with the first version. The version described here is 
the latest one. 
Since GAP was written from scratch and with the experiencé 
of an observing run (and the data reduction necessary afterwards), 
it was possible to incorporate a number of features that it was 
thought might be useful in making the instrument more flexible. 
As the program is much larger than the maximum that can be held in 
the calculator's program memory at any one time, it is segmented 
into GAP 1, GAP 2 and GAP 3. An axes plotting program AXES, and 
a spectrum scanning program SPECTRUM are incorporated into the 
program structive as shown below. 
.GAP 1 
AXES =- - - -GAP 2 SPECTRUM - GAP 3 
AXES is a Subroutine that can be called by any of the three 
GAP programs. SPECTRUM has its own axes plotting routines. Both 
GAP 3 and SPECTRUM return control to GAP 1 after execution. All 
gl, 
these programs are stored at the beginning of the cassette tape. 
Some offline reduction programs are also available. GAP 1 handles 
the collection of data while GAP 2 and GAP 3 reduce it. 
GAP has the following features: 
i) It is a multiwavelength program (up to 10 wavelength). 
ii) It prints plenty of logging information. 
iii) It can select and reduce linear or circular polarisation - or 
both - or take a spectral scan. 
iv) The errors produced are from a statistically acceptable size of 
sample. 
v) Integration time is under software control. 
vi) Integration can be made to a given error, rather than for just 
a fixed interval. 
vii) Sections of the program can be repeated if a bad measurement, 
an error or sky conditions warrant it. 
viii) Wavelengths to be studied can be spaced at equal intervals or 
selected individually. 
ix) Dark count is (correctly) subtracted. 
x) All data can be plotted on -line 
We have seen in a previous section how we should combine 
information taken in different states of the instrument. Before 
discussing the detailed structure of the programs listed above, we 
shall deal with the reduction procedures used. 
2.9.4 Reduction procedure 
Our basic polarisation measurement comes from two integer 
counts, accumulated in some time interval in the two 
channels of the 
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counter. Let us call these two numbers F and G. Then, 
p = F - G 
F + G 
and I = F + G 
As mentioned above, the calculator has no control over the 
integration time of the counter. This is set by thumb switches on 
the front of the counter. However, taking twenty one -second 
integrations is the equivalent of one twenty- second integration, 
and also gives us the possibility of extracting an error measure. 
Extending the definitions above, we may say: 
F. - G. and I. = F. + G. 
pi 1 1 1 1 1 
F. + G. 
1 1 
where i = 1, 
and, instead, define 
N 






O.2 (p) Np 
N(N-1) \ L.T. I 
Note that Cr (p) is the error of the mean, namely p. 
Now, if the 
photomultiplier is giving a high dark count, these measurements 
will be distorted. We would obtain 
pi = F. - G. 1 1 
F. + G. + 2D 
1 1 
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i.e. the measured polarisation is reduced. To eliminate the effect 
of dark count, we first of all find its magnitude for the interval 
of time set on the counter. This value is then subtracted from F 
and G before any further reduction is done on them. 
These dark count corrected values of p and 0"(p) are collected 
for various combinations of waveplates, polarimeter and analyser. 
For each waveplate, we have four possibilities. 
Polarimeter 
Analyser 
0° 0° 90° 
900 
A B A B 
and so we define 
FAO' pB0' pÁ90 
and pB9O' and similarly for errors 
and intensities. There are up to four waveplates (or rather three 
and a blank), and we need to define 
pCa1AO' pVA0, pQA0' pUAO 
etc. 
The first stage of reduction is to divide each of the polarisation 
(and errors) obtained for each of three with the 
calibration value. This is pCal. When we insert the calibration 
filter we are introducing 100% linearly polarised light into the 
instrument. The measured value of the polarisation is 
p(a1 
and is 
normally around 90%. Hence by dividing by pall we are correcting 
for this 90% instrument efficiency in the detection of polarisation. 
Note the implicit assumption of linearity in this efficiency. We 
obtain 
pVA0 = pVA0 pCa1A0 





pC. a 1A0 
0' QBO = CYC,IBO / pCa 1 BO 
etc. 
There is an assumption here that CT'VAO etc. will dominate CalAQ 
If z = xy 
-1 
, then, ignoring covariance, 
CT'2 (z) = Z 2 cT 2(x.) + o1 2 0-'2 (Y) 
C C 




Applied to the present case, where y,-1 and x .01, it is 
clear that the second term on the right hand side of the equation 
is indeed negligeable. If we take especially unfavourable 
conditions - low y (50%) and high x (5 %) - we still find that 
Ò-'(y) can be up to ten times the size of cr(x) before the two 
terms are comparable in size. In practice, a rough ratio of 5 : 1 
in integration times was kept between measurements with waveplates 
and calibration filter. Since the transmission of the polaroid 
(to unpolarised light) is n. 30%, the difference in errors between 
calibration filter and waveplate measurements was not normally 
more than a factor of 4 - 5. 
After correction for instrumental efficiency, all the measures 
for the same waveplate can be combined. 













+ PVB90 t pVAO pVBO 
` 
/(VA0 + VBO + d VÁ90 + a VB90 
PQ,, UA0 + PQ, UB0 P; , UA90 pQ , UB90 
..2 . 2 2 , 2 
Q,UAO .,UBO Q,UA90 Q,LTBQ0 
pV, pQ and piT are reduced Stokes parameters in the instrumental 
system. Parameters Q. and U change sign on a 90° rotation, while 
V is unchanged. This explains the different form for the three 
waveplates. 
Degree of linear polarisation and position angle, p and 9, 
can now be calculated by the standard equations for conversion to 
polar coordinates. 
P = P + PU Q= z arctan pU 




o' (6) = 1F0 , (in degrees) 
P P 
The circular polarisation, pV, requires one futher step. The 
implicit assumption in the procedure of dividing by p0AL 
is that 
100% linearly polarised light is produced by the HNP'B filter. 
This is to all extents and purposes true (see Table A3 ). For 
the calibration of circular polarisation we require a source of 
100% circularly polarised light. At any wavelength but the 
quarterwavelength of the waveplate, light passing through the 
calibration filter will not be 100% circularly polarised. It is 
necessary to correct for this -by multiplying pV and cry by 
sin (90 °x Ì1q/ ) where Çq will be 3800 or 5825 (g) . As 
discussed above, this is an approximate formula. 
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Therefore q = pV sin 
\ 
26t x 900 
ñ 
Q' q= O"v sin ( n0 x 90° 
The reduction procedure is somewhat different for Zeeman 
polarimetry within a spectral line. If the line is centred at a 
wavelength Çio , and the circular polarimetry obtained at 1.A0+ /..D 
and 1)t - U , call these polarisation q and q . Then our 
measure is 
< qi = 
Since we are dealing with a differential measure, and do not need 
to know q+ and q_ to great precision, we can relax some of the 
procedures above for the elimination of instrumental effects. These 
effects will not vary significantly over (say) 10 R . Atmospheric 
effects (such as a highly polarised dawn sky) will also be eliminated 
to first order, as long as they are not changing faster than the 
time taken to obtain a single pair of measures, q+ and q__. The 
following procedure is followed when reducing Zeeman polarimetry. 
This is not done by GAP. 
Integration time is kept short (100 seconds maximum) in order 
to minimise wavelength shifts caused by guiding errors. The quantity 
<q> is calculated for each setting of the instrument (that is, AO, 
B90 etc.), and these values combined to form a weighted mean - 
weighted that is by the errors of the individual q) 's. Normally 
the same order of instrumental settings would be followed as the 
procedures above, but the complete series might not be completed. 
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2.9.5 The detailed descripton of GAP 
We deal with each program in turn. Flow charts are given where 
such a format is more appropriate than an extended description of 
program function and method. 
a) GAP 1 
This program is organised on three levels: 
i) Control level. This level interacts with the 
astronomer, logs information and 
structures the collection of data. 
ii) Subroutine 1. This level is responsible for scanning 
in wavelength, and the temporary 
storage of the data on tape. 
iii) Subroutine 2. This level takes data in both analyser 
positions and calculates polarisations, 
errors and intensities. 
Flow charts are given as Diagrams A2 , A3 and A4. The 
numbers on the right of the flow chart refer to notes below. 
1. The program requires the following information of the astronomer, 
but doesn't use any of it. These details are invaluable six 
months later in trying to deduce what exactly was happening on 
that particular night. Typical and limiting values of the 
various parameters are given in Table 
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A4. 
Diagram A2 A flow chart for GAP 1 , Control level 
START 
Enter logging information 
(e.g. STAR, OS, RS) 
Notes 
1 
Specify Options required 2 
(e.g. PM, MODE) 
Branch out if Spectrum required ') 3 
Set angle of polarimeter 
Insert Calibration filter 
SUBROUTINE 1 





Insert Q waveplate 4,5 
SUBROUTINE 1 
Insert U waveplate 4,5 H 
SUBROUTINE 1 
Increment (by 90 °)angle of polarimeter 
wo 
4251.0s Polarimeter in 90 
o 
position 











Load Axes Subroutine 9 






Diagram A3 . A flow chart for GAP 1 , Subroutine 1, 
START Notes 
Specify Integration Time (IT) 11 
r< IT ) O ?>W u 
I 
Set RE = 1 Specify Required Error 12 
(RE) 
Enter time (UT) 13 
Np 
Is this the CAL 0o run? 
res 
No / Is Operator specifying yF5 
wavelengths? 
> i 
Calculate wavelength Enter wavelength 
Store wavelength 14 
Recall wavelength and move to it 
SUBROUTINE 2 
I 
Y`5 < Any more wavelength to do? MO 




Diagram A4 A flow chart for GAP 1 , Subroutine 2 
START Notes 
f 
Acquire F and G from counter 
Subtract Dark Count 16 
Calculate p, p 
2 
, I 16 
Sum to cumulative stores 
No/ Have IT measurements been taken? 
YES 
No 




Calculate p, d , I 17 
Store p, 




Store I to a cumulative 18 
store 
1 
Change analyser position 
NO< Is Analyser in the "A" position YES 7 
RETURN 
nr 
2. GAP is flexible in the options it offers. 
i) PM Polarisation Mode takes the values 1 - 4, and is the 
variable that tells the calculator what information 
to collect. 
PM = 1 Spectrum scan. Call SPECTRUM. 
= 2 Circular polarisation only. 
= 3 Linear polarisation only. 
= 4 Circular and linear polarisation. 
ii) N WL Number of wavelengths to be observed. A number in 
the range 1 - 10 is entered. 
iii) MODE Wavelength Mode. If "automatic" (= 0) is selected, 
the calculator asks for a start wavelength and a 
wavelength increment, and looks at N WL equally spaced 
wavelengths. If 'nanual" (= 1) is selected, each 
wavelength can be separately specified, and unequally 
spaced points can be observed. 
iv) DARK This is the dark count in one channel in the time 
interval specified by the thumb switches on the counter. 
It can be set equal to zero. 
3. SPECTRUM is linked to GAP 1 in the same way as GAP 2 is, and is 
not executed as a subroutine. When complete, SPECTRUM will 
reload GAP 1. 
4. The calculator has no w ntrol over either the polarimeter 
rotation or the polariser wheel, and these lines are merely 
prompts to the operator. For the polariser wheel, the operator 
enters the actual wheel number of the waveplate inserted as a 
double check for errors. 
5. If, upon the prompt "Insert waveplate ", a - 1 is entered, 
the program will jump to the last prompt printed, so that the 
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last waveplate polarisations can be repeated. Multiple 
recycling is allowed. The position in the program jumped to 
depends on PM. 
6,7.The calculator cannot sense the positions of any of the wheels 
or of the polarimeter, not even the analyser wheel, which it 
can move. Hence any knowledge of the position of any component 
comes from keeping track of the number of moves from a prescribed 
initial state. 
8. It is rarely necessary to plot this table. If intensities are 
required SPECTRUM is used. Note that if RE is used (Note 18), 
or a waveplate position repeated (Note 5), these counts will 
not be correct. 
9. AXES is run as a subroutine. It is called from a tape file. 
10. This is a simple link for GAP 2. 
11. Integration time is under software control. If the counter is 
set to 1 second (Note 1), an integration time of twenty seconds 
is achieved by integrating twenty times for one second each. 
12. If a negative integration time is specified, the RE (Required 
Error) feature is entered. If, say, -20 were entered for IT, 
and 2 x 10 -4 (.027) were entered for RE, the program would 
initially integrate for 20 secs. If this target error had not 
been reached, a further 20 secs integration would be made, and 
repeated until the required error is achieved. 
13. This is useful for investigating time lost, calculating mean 
times of observations - and inferring cloudy weather when it 
is not elsewhere stated! 
14. Note that even if the wavelengths are set by the operator, they 
are entered only once, during the Cal 00 run. Henceforward 
they are recalled from store. If Cal 0 
0 
is repeated (Note 8), 
it is not necessary to re -enter the wavelengths. 
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15. No malfunction of the tape unit during operation has ever been 
noticed. Since program and data files are well separated on the 
tape, storing away the first data file takes some 20 seconds. 
16. If required for debugging, or higher time resolution, the 
individual counts, polarisations and intensities can be printed 
as they are obtained / calculated. 
17. The actual integration time is used for these calculations 
even if the RE feature (Note 12) is used. 
18. Summing in intensities from Calibration runs might distort the 
measures. These intensities should be at least as good measures 
of the spectrum as the program SPECTRUM could produce. 
(b) GAP 2 
GAP 2 (with GAP 3) is a stand -alone reduction program. Usefully 
it can be used independently of GAP 1 to reduce data offline. The 
program makes a lot of use of the tape files, firstly to obtain the 
data that GAP 1 has collected, for reduction, and subsequently to store 
intermediate steps in the calculations. The initial allocation of 
tape files is now shown. 
File No 11 12 13 14 15 16 17 18 
PM 
2 Cal 0 VO Cal 90 V 90 
3 Cal 0 QO UO Cal 90 Q 90 U 90 
4 Cal 0 VO QO UO Cal 90 V 90 Q 90 U 90 
The GAP programs are stored in files 0 - 4. By knowing PM, the 
program knows where to find a particular set of data. The table 
above looks unnecessarily complex, but the format adopted does 
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minimise the number of files used, and hence cuts down on tape 
movement. Note that the total number of files used is 2 x PM. 
In order to manipulate or operate upon the tape files it is 
necessary to hold two files in core at the same time. Since each 
wavelength requires five pieces of information to be stored this 
limits the program to a maximum of ten wavelengths. Even with ten, 
very few stores are left for program control. 
GAP 2 also makes heavy use of subroutines, with the main program 
merely controlling loops and recalling and restoring data files. All 
the reduction is done by subroutines into which one or two data 
files are input. These subroutines are: 
i) Subroutine 1 : Calibration 
ii) Subroutine 2 : Collection 
iii) Subroutine 3 : Sine Factor 
iv) Subroutine 4 : Print out 
v) Subroutine 5 : Plot data 
Flow charts for GAP 2 are given. The Subroutines are not 
flow charted, but notes on their operation are given below. 
i) Subroutine 1 : Calibration 
As this Subroutine is entered, the base file and top file 
contain data in the format 
' PA' ' PB' B 
respectively, for 00 or 90 
o 
(and some waveplate in the case of the 
and A PACAL'ACAL,pBCAL'BCAL 
QQ 
Diagram A5 : A flow chart for GAP 2 
Data files stored on tape are called " tapefiles" 
The storage locations 1 - 50 inc. are called the " basefile" 
The storage locations 51 - 100 inc. are called the "topfile" 
START 
Load CAL 0 tapefile into topfile 
{ 
Load a waveplate tapefile into basefile 
SUBROUTINE 1 Calibration of basefile 
Replace waveplate tapefile by new 
Calibrated file 
I 
Any more waveplate tapefiles? NO 
Have the 90° positions been "o 
calibrated? 
Load CAL 90 tapefile 
into topfile 
Load 0° waveplate tapefile into basefile 
Load 90° waveplate tapefile into topfile 
SUBROUTINE 2 : Add AO, BO, A90, B90 positions 
Replace 0° waveplate topfile with new file 
ras/ NO 
` 
Any more waveplate tapefiles? 
I 
< NO<Is PM = 3 ' 
Load Circular polarisation tapefile into basefile 
100 
q 




Print out basefile 
Axes required? y`s 
Load Axes Subroutine 
Run and return 
< 1 
SUBROUTINE 5 . Plot basefile 
< 1 
No 
Is PM = 2 
?\yEs 
Return to GAP 1 
END 
Load "Q" waveplate tapefile into basefile 
FUBROUTINE 4 : Print basefile 
Load "U" waveplate tapefile into topfile 





No Axes required? 
yes 
Load Axes Subroutine 
ni 
i 
Run and return 
Reload "U" waveplate 
tapefile into topfile 
SUBROUTINE 5 : Plot basefile 
Conditional Stop 
SUBROUTINE 5 . Plot topfile 
Load GAP 3 
END 
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base file) and for each wavelength. After the subroutine, the base 
file contains data in the form 
.1 PA/pACAL ApACAL PB/pBCAL,BpBCAL 
for each wavelength. 
ii) Subroutine 2 : Collection 
As the subroutine is entered, the base file and top file contain 
data in the format 
... n ,PAO' C- 0' PBO' CYO... and ... . PA90, 90' PB90' ó"B90 .. . 
respectively where these p and ms's are already calibrated and could 
be Q,U or V. First of all, "A" and "B" positions are combined... 
*"'/'' PAO+ PB0 , 
U'"A 
0 + Li BO' PB0 , 
CfBO .. . 
for each of the files, and then and 0° and 90° information is 
combined into the base file... 
2 2 2 2 ._ 
( 
PAO+pB0+PA90+PB90 ) 'A0 + B0+ A90 B90 ) . . , 
for circular, and 
2 2 2 2 
''")t 
. 
( PAO+pBO-pAgO pB90 ) ' CTAO+ 
Cr B0+PA90+ d- ) , -- , , . . . 
for linear. Finally, the mean values are obtained, leaving 
...¡1, p, o- ,- 
where 
and 
p= a (PA0 + pB0 pAoO f PB90) 
+ + + J Cr- V(CrA20 Cr BO Cr A90 °BgO 
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iii) Subroutine 3 : Sine Factor 
The base file is changed from 
. . . a , pV, *r ' r - ... to . . . KPV, KA-V, 
where K = sin 90° x PA61 
iv) Subroutine 4 : Print out 
The Subroutine prints out data of the form ^ , p, Cr . It can 
print out base file or top file, or a portion of either. 
v) Subroutine 5 : Plot data 
The Subroutine plots polarisations against wavelength, and also 
draws lier' error bars. Axes must have already been drawn. It can 
plot base file or top file, or a portion of either. 
c) GAP 3 
This program is merely a continuation of GAP 2. All the 
reduced Stokes parameters have been calculated in GAP 2, and this 
program merely calculates p, 62, prints and plots them. It uses 
some of the same subroutines as GAP 2, plus one of its own. A flow 
chart is given. 
vi) Subroutine 6 . Polar coordinates 
With ... 21 , PQ, CTG, - , .. 
1 ÛL 
in the base file and ...ti , pu mou' 
Diagram A6 : A flow chart for GAP 3 
START 
( Basefile = Stoke's parameter Q ) 
( Topfile = Stoke's parameter U ) 
SUBROUTINE 6 . Calculate p and e 





ft..,< Axes required? Y`s 
Load Axes Subroutine 
Run and return 
SUBROUTINE 5 Plot topfile 
SUBROUTINE 4 : Print basefile (g) 
r Fl,yes ag? ) 
c 
Print "GAP ENDS" 
Return to GAP 1 
END 
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SUBROUTINE 5 . Plot basefile 
in the top file, this Subroutine calculates 
P = _/ PQ + PII ® = z tan-1 
pU/P 
and their respective errors. The base file is left as 
/ . B, B, , ^ , - ... and the top files as ...;k, p, yr, , - , - 
d) SPECTRUM 
This program has been almost completely rewritten since the 
version available for the Tenerife run, but it does retain the same 
essential structure. The program has merely been tidied up, 
enhanced and made easier to use. A flow chart of SPECTRUM is given 
(Diagram A7 ). Note that annotation is sparser (though some details 
are provided by the calling program, GAP1), and there is no software 
control of integration time. Further, since the analyser remains 
in the bear., and the monochromator also acts as a partial po]a riser, 
systematic errors will arise in the photometry if the object under 
observation is linearly polarised. Such errors could be eliminated 
by averaging fluxes measured with the analyser in the A and B positions. 
Since this instrument has not yet been used for serious spectrophotometry, 
this has not yet been done. 
Notes referred to in the flow chart are now given: 
1) It is often useful to go to a particular wavelength first to 
investigate flux levels. (Is it too high? Is it too low ?). 
This feature provides a quick probe. 
2) "Resolution" is defined as in GAP 1 (Table A4 ). The maximum 
number of wavelengths it is possible to investigate in one 
run is 80. 
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Diagram A7 A flow chart for SPECTRUM 
Program is loaded from GAP 1 Notes 
START 
) I 
Enter first wavelength 
Move to first wavelength 
No < Is this wavelength OK? Y`S 1 
Enter resolution, number of 2 
wavelengths and wavelength increment 
Calculate final wavelength, 
print and store 
Enter time (UT) 3 
I 
Move to next wavelength 
y E$ 
Integrate and store 4 
Any more wavelengths? "0 
YC5 
Print out required? 
Print wavelengths and counts 
Select first wavelength 
Set MAX = MIN 
= Count for first wavelength 
0 
Recall count for wavelength 
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Set MIN = Count 




Set MAX = Count 
C I 
YES 
< Ç Any more wavelen g thsj 
Print out max and min counts and the 
wavelengths at which they occur 
Plot required? 
Enter : 
0 No plot required 
< 1 Plot required, scaled 
by MAX and MIN 




Enter ymax and ymin 
i 





= 09 >" 
l ` 
Ì 
Draw and Annotate axes 
Plot data 
? I 
Reload GAP 1 
END 
5 
3) Useful for reasons related in Note 13 of GAP 1. 
4) Integrate for length of time specified by thumb switches on 
counter. During polarisation measurements, two accumulated 
registers are used to collect counts in two integration windows. 
For these measurements, only one register is used, and counts 
are accumulated into it continuously. 
5) If one graph is to be superimposed upon another, it is not 
necessary to redraw axes. 
e) AXES 
This program remains exactly as used in Tenerife. Its main 
drawback is that the scale factors it uses to annotate axes have no 
relation to the step size of the graph paper. This makes interpolation 
of values on plotted graphs exceedingly difficult. A new version (ASP) 
which automatically scaled the data to the available graph paper in 
the same way as one would do when plotting manually, has not yet been 
implemented. 
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3. The effect of misalignments and non -idealities 
It has been demonstrated above that most components in the 
polarimeter have properties that can affect the accurate measurement 
of polarisation. Misalignments of components that were ideal would 
still lead to differences from the analysis given above. It is 
necessary to see how these various misalignments and non- idealities 
affect the measurement of polarisation, and how they might be 
accounted for in the reduction procedures. In the pages that follow, 
no attempt is made to deal with all these effects together. This 
would be neither practical nor particularly helpful. Instead, 
simplified situations are examined in order to obtain a physical 
'feel' for what is actually happening, and to obtain rough ideas 
of the magnitudes of the effects. 
The analysis is based upon the Mueller calculus. A guide to 
commonly used matrices is given in Appendix Al. Quoted and 
derived there is a matrix not normally included in compilations 
of these matrices (Clarke and Grainger, Shurcliff). This will be 
termed the dichroic waveplate matrix, and its use requires some 
justification. It was stated in the section upon the analyser 
that HNP'B polaroid becomes birefringent in the far red. It 
becomes, in effect, a dichroic waveplate. Obversely, a mica 
waveplate tends to become somewhat dichroic in the ultraviolet. 
The important point is that both dichroism and birefringence are 
the result of the same molecular assymetries in the compound. As 
a result, both the dichroism and the birefringence have the same 
reference axis, with the axis of maximum transmission of the 
dichroism normally corresponding with the 'fast' axis of the 
birefringence. The dichroic waveplate matrix presented in the 
11n 
appendix assumes this conaxial property, and will be suitable 
for modelling both a birefringent analyser and a slightly dichoic 
waveplate. In the present instrument, however, the waveplates 
are of quartz and show no appreciable dichroism in the wavelength 
interval of interest. 
?'Te deal with the following cases: 
3.1 Imperfect analyser 
3.2 Imperfect calibrator 
3.3 Misaligned waveplates 
3.4 The modulator 
3.5 Effect of the spectrometer 
3.6 Telescope dependant polarisation. 
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3.1 Imperfect analyser 
The simplest model of the polarimeter has only two 
components: a photoelastic modulator; and an analyser mounted 
with its axis at 45° to the fast axis of the modulator. In this 
section, we consider the consequence of a birefringent and/or 
misaligned analyser with dichroic efficiency less than one. The 
matrix equivalent of the optrical train, and the System matrix 
are given in Appendix A2. 
The instantaneous detected intensity at the photocathode 
is: 
It = ((K1 + K2) I + (Ki + K2) Q cos 2ff + (K1 - K7) U sin 2').7 cos St 
+ (K1 - K2) V sin 2/S sin S t) 1.1 3 , 
where K1 and K2 are the intensity transmission coefficients for the 
analyser. 
Note that the retardance introduced by the analyser does 
not appear in this equation, and hence cannot affect the measurement 
of polarisation. Consider first of all the case of a perfectly 
aligned analyser, i.e., = 4.5° or 135 °. The equation above becomes: 
It = i (K1 + K2) I - (K1 - K2) L' cos S - (K1 - K2) V sin 6 t) 
(3.1.2) 
where upper signs refer to ,3 = 45° and lower signs to/5 = 135°. 
This equation leads to a measure of polarisation that differs from 
the ideal case only by a factor (K1 -.K2) /(K1 + K2). If we 
calibrate by passing 100% circularly polarised light through the 
system, this factor is eliminated. If the analyser orientation is 
not exactly 45° or 135 °, a dependence on instrumental Stokes 
parameter Q can arise. Putting realistic values into (3.1.1) 




( °) Q' (5) 
= 0.20 = 0.35 = 0.50 
40 0.967 0.943 0.920 
41 0.954 
49 0.980 0.965 0.950 
L'.3 0.976 
44 0.993 0.998 0.983 
45 1.000 1.000 1.000 
46 1.007 1.012 1.019 
47 1.025 
148 1.021 1.038 1.055 
49 1.051 
50 1.036 1.065 1.095 
Here q' = 
q/nCAL' 
K1 = 0.70, K2 = 0.0007. Input Stokes parameters 
were I = 1, U = 0, V = 0.01, Q as shown. This table is also 
shown as figure A16. While the actual misalignments of the 
Analyser were unfortunately not measured, the mechanical 
arrangement should lead to the encoder positions being accurate 
to better than 2 °. The table illustrates that in situations 
where circular polarisation is measured in the presence of strong; 
ls.near (i.e. the measurement of calibration polarisations at 
wavelengths far from that at which the waveplates are quarterwave), 
the perceived polarisation can be affected by up to 2% of its 
value. 7ith the reduction procedure in operation, these effects 
are greatly reduced by the analyser and polarimeter rotations. To 
see this consider the following case. If the orientations of the 
polarimeter are denoted 0° and 90 °, and those of the analyser A 


















Q" - 0.35 
X Q'= 0.2 
1 
50 
Figure A16 : The effect of a misaligned analyser. When the 
analyser is not at 450 to the system axis, the 
measured circular polarisation (1%) is affected 
by any linear polarisation of the incoming beam. 
Specifically the measurement is affected by the 
size of the Q Stokes parameter. Three cases are 
shown, where Q' = Q/I = 50 %, 35% and 20 %. 
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= 135° + E`7, then 
(I + r0,s-!n2 + rU(b /p)cos2E1) 
, ) - V q (T 0 ° 




- rl,i(b/0 ) cOs2g1) 
q l (3900) 
( I + rQsin2E2 +r rU(b/d ) cos2Ez) (3.1.3) 
where r = (K1 - K2) /(K1 + K2) , other symbols have the same meaning 
as in section Al, and it is assumed that calibration is done with 
100¡ circularly polarised light. Fence, if (b/A ), 
E1 
and E2 are 
small 
( + ° ( ,_0) q(0 ) v ( A90°) + v(1390°)) - 
as required. It has also assumed polarimeter 
rotates by exactly 90 °. This too might be inaccurate (but by 




3.2 imperfect calibration filter 
The calibration filter consists of a linear polariser at 
215° to the axis of a quarter wave retarder. If the polariser 
is birefringent, misaligned or of dichroic efficiency less than 
one, the fractional circular polarisation of the light leaving 
the filter will not be the assumed value. The proportion of 
linearly polarised light in the beam may also increase leading 
to enhanced interaction with other components in the optical train. 
The system matrix for an imperfect calibration filter is given in 
Appendix A2, where the retardance of the waveplate is assumed to 
be 90 °. 
If the incoming light is unpolarised, the state of 
polarisation of the light leaving the filter is: 
I' = (1:1 + K7) I 
_ (K1 - K2) Icos22oC 
TJ' _ (".Li -K) Icos2oCsin2, 
. 
V' = (Ki - K2) Isin2oL (3.2. 
where at is the angle at which the waveplate is orientated, and 
the linear polarisation axis is assumed to be at 0 °. It is clear 
that if the linear polariser is misaligned, equivalent to A 
15°, 
will decline and linear polarisation will appear in the 
beam (mainly in Stokes parameter, u). Any misalignment of this 
component should be small and comparable to the error in aligning 
the two components of (each of) the waveplates (about 1 arcminute - 
see section. A3.3). The factor (K1 - K2) /(K1 + K2) also appears. 
This factor is not eliminated in the reduction, but will not 
seriously affect the calibration within the wavelength range 
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3000 - 7500 2. It is tabulated in table A3. 
If the light falling upon the calibratór is polarised, 
the non- ideality of the polaroid can affect the measurements by 
a small amount. It is the information in Stokes parameter U 
that has the greatest effect. The following table is calculated 
from the expressions shown in the appendix, and presumes od = 450, 
E1 = 0.7, K2 = 0.0007, WI = 0.3 and V/I = 0. X is the 
retardance of the polariser. 
T/Tr 71/T1 !- 
0 0.000 0.010 0.998 
10 0.003 0.019 0.998 
20 0.00() 0.019 0.993 
30 0.009 0.016 0.998 
45 0.013 0.013 0.998 
60 0.016 0.009 0.998 
These figures for high; 's are a little misleading. There 
appears to be so little difference because Ki and K2 remain 
at values characteristic of the non -birefringent wavelengths 
of the polaroid. If Ki and I :2 are chosen such that a beam of 
light would be 50; polarised (i.e. Ki = 0.7, K2 = 0.23), and 








0.000 0.259 0.505 
0.120 0.224 0.505 
0.1"3 0.183 0.505 
0.224 0.129 0.505 
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To summarise: the most important non -ideality of the 
calibration_ filter is the loss of dichroic efficiency. The 
calibration, procedure is such that 100; linearly polarised light 
is always assumed to be produced by the polaroid. If the dichroic 
efficiency is only 50%, we overestimate polarisation by a factor 
of 2. By comparison any birefringence of the polaroid is 
unimportant, since it only makes a significant difference when 
the dichroic efficiency is also degraded. Since dichroic efficiency 
only starts to fall off in the red as the polaroid becomes birefringent, 
by avoiding one evil, we succeed in avoiding both. 
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3,3 ion- ideal, misaligned and non -identical waveplates 
The measurement of linear and circular polarisation involves 
three waveplates. It is assumed that: the waveplates are in 
fact quarter wave at the wavelength stated; the two waveplates 
for linear polarisation measurements are exactly at L5 °; all 
three waveplates are identical. 
If the polarimeter measures a calibration polarisation of 
905 rather than 1005, this reflects both the effect of a 
sinusoidal rather than a squarewave modulation of retardance 
by the photoelastic modulator, as well as a waveplate which at 
wavelengths 2 A 11 is not a quarter wave retarder. Both these 
effects are taken out by multiplying by the -factor (1.0/0.9). 
As the calibration polarisation is a measure of the efficiency of 
the polarimeter as a detector of polarisation, it is important 
to be able to maintain a high value across the spectrum. A 
further consideration is the proportion of linearly polarised flux 
in the light after the calibration filter. It has been shown above 
that the sinusoidal oscillation of the Modulator birefringence 
leads to a sensitivity to linear polarisation when measuring 
circular polarisation (section A1.3). Since misalignments may 
occur in the various positions of analyser and polarimeter used 
to eliminate this dependence, it is preferable to have only a 
small proportion of linearly polarised light in the light after 
it has passed through the calibration filter. If light 100; 
linearly polarised is incident upon a waveplate at U5° to its 
m 
fast axis, the resultant Stokes vector is (I, - Icos6, 0, - 
where S is thé retardance of the waveplate. If p and q represent 
the linear and circular polarisations of the beam respectively, 
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then q = sin E and p = cost. To obtain the following table, 
it is also assumed that 
E =r/2 x J1, .l 
where A is the wavelength for which the waveplate exhibits 
quarter wave retardance. Signs have been dropped. 
.(R) 
Q 










/loop 0.997 0.078 0.754 0.657 
4500 0.97o 0.242 0.8D5 0.446 
5000 0.930 0.369 0.967 0.256 
5500 0.996 0.093 
6000 0.999 0.046 
6500 0.987 0.162 
7000 0 0.965 0.261 
750o 0.039 0.344 
8000 0.910 0.414 
9500 0.880 0.474 
(3.3.1) 
The waveplates with a. = 3ß0OÁ were normally used when 
wavelengths ),, 4600 R. were studied. Above this, the other set 
was used. Equation (3.3.1) is a good approximation to the true 
wavelength dependence of s , except for wavelengths below 3200 R. 
See figure Al2. The table shows that, in normal use, light up 
to 404,7' linearly polarisea is present in the measurement of 
calibration polarisations at both ends of the wavelength range. 
Polarisation measures are taken in both analyser 
positions 
for the waveplate and for the calibration filter. If 
these are 
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denoted p, Pp, PACal' PBCal (A and being the two analyser 
positions) then it can be argued that a better way to calibrate 
the waveplate measurements would be: 
p1 = (PA + Pp)'(PACal 
Cal) (3.3.2) 
The justification for this is clear. Any difference in the 
polarisation registered in the tro analyser positions caused by 
the presence of linearly polarised flux will be different in the 
two cases. Some numerical tests were carried out to compare this 
method of reduction with that actually used. It was found that 
the difference in the average calibrated polarisation was onl,- 
of the order of 1 of the polarisation (except when the calibration 
polarisation was low). 
In each set of retarders, the two waveplates may not be 
mounted with their fast axes exactly 45° apart, and also the mean 
angle of each set may be different. The second point is overcome 
by separately calibrating position angles measured with each set 
of optics on standard objects. If the axes of the two waveplates 
are not at 45 °, "crosstalk:" between the Stokes parameters will 
result. If the angle between them is yr, Q and U are the true 
Stokes parameters and q and u the measured values, then: 
q. = Q u = Qcos22e- + Usin2 T- (3.3.3) 
The above quotation shows that for a linearly polarised source, 
(p, e) , the measured values (p1,0 1) will depend on both p and 
6. The dependence is illustrated in figures Al? and A18. Please 
note the following points. 
;1 The amplitude of AG (= measured - true) is equal to 
the misalignment angle, i.e. (445 -1r). 
0 
ii) The displacement of the maximum in ta from 90 also 







45 90 135 180 
e° 8 
Figure A17 : Effect on the measured degree 
of linear polarisation 
of waveplate fast axes being V/ 45° apart. a p 
= 
measured polarisation - true polarisation. 
Solid 
line is case of 1) = 40° and true 
polarisation 
of 1%. Dashed line is case of 
y = 35° and true 
















o 45 90 135 e' 180 
Figure A18 : Effect on the measured position angle of waveplate 
fast axes being / 45° apart.A ® = measured 
position angle - true position angle (both in the 
instrumental system). Solid line is case of y = 44° 
chained line is case of 3J = 40 °, and dashed line 
is case of 1) = 35 °. Degree of polarisation has no 
effect on these graphs. 
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iii) The degree of polarisation has no effect on bC9 
iv) Increasing p increases the amplitude of tip to scale. 
;r) Increasing misalignments displace the curves towards 
smaller 0" and increase the amplitude. 
vi) The tip curve is not symmetric about the x -axis. There 
has been a dc level shift. 
The measured value- cf Y for the two sets of waveplates 
were 7"(3800) = 47°8 ± 0.3 and) (5825) = 5o ?0 ± 0.3. It can be 
seen from these graphs and from figure 015 that measurements with 
the 5925 waveplates may be affected by up to 9 in polarisation 
and 5 
0 
in position angle. 
The two sets of waveplates are designed to give quarterwave 
retardance at 3800 Á and 5825 Q respectively. The manufacturer's 
Quoted tolerance on the waveplates is ;/300, i.e. 1 °.2 or -F 50 ñ 
and - 80 Q on the two wavelengths quoted above. Any departure - 
from the quoted wavelength will not affect the measurement of 
linear polarisation, while circular polarisation_ is slightly 
affected through the factor: 
K = sin 90° x 
The propagated error in K and hence in the derived circular 
polarisation is 2z of the polarisation. An error on the 
retardance may arise for several reasons. 
(3.3.4) 
i) The thickness of the two components of the waveplate are 
not accurately controlled. 
ii) During the cementing process, one of the components has 
been tilted with respect to the other. 
iii) The sample of crystal quartz from which the two components 
were cut may differ somewhat in birefringence from the 
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laboratorir values used to calculate the necessary thickness 
of the components. 
iv) The optic axes of the two components may not be accurately 
crossed. 
v) The effect of multiple internal reflections within a 
waveplate is to give a retardance strongly dependant on 
its exact thickness (to better than the wavelength of 
light) (see HOMES, 1964) . 
The first and last two effects should be negligeable. The 
thicknesses of the components are controlled to 0.2ft, while the 
optic axes are crossed to i arcminute. The effect of internal 
reflections being so critically dependent on thickness should 
lead to it cancelling across the waveplate. The importance of 
factor (iii) is difficult to judge but one component could be 
tilted with respect to the other by almost a degree because 
causing a 1; change in retardance. 
More important than whether a certain waveplate exhibits 
a specific retardance is whether each of the three waveplates 
is identical to the others. Since they are all made from the 
same bathh of material and are polished together, effects (i) and 
(iii) should not be important. Perhaps most important is the 
possibility that one or more of the filters could be tilted in 
its holder. L 2° tilt would give a 15 change in retardance with 
larger tilts having a proportionately larger effect. Visual 
observation of the filters was used to ensure that the filters 
were normal to the beam and not tilted with respect to each other, 
though small tilts (1° - 2 °) would not have been detected. A 
displacement of images observed through the waveplates would not 
arise unless the tilt was gross. However such a displacement was 
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seen with the 5825 R calibration filter in the optical train. 
The most likely cause of this is that the calibration filter was 
made wed?e- shaped when the difficult task of attaching the 
polariser to the waveplate was carried out. This is unlikely to 
detectably affect the polarimetry. 
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3.4 The photoelastic modulator 
Reference was made to the phenomenon of 'static stress' 
in section A2.3. The effect is eliminated by taking measurements 
at positions of the polarimeter 90° apart, as will now be 
demonstrated. 
Consider the measurement of circular polarisation, where, 
for the polarimeter in its 0° orientation: 
+ 
= z (I -TC°S í/ t-''sins) (3.ßr.1) 
If we represent the instantaneous modulator retardance, g 
t' 
by 
g- = + Asinwt (3.4.2) 
where 12 represents a mean d.c. level of retardation, and then 
integrate in the normal manner, between wt =T /2 ± Q and 
31/2 - A, we find 
- 2 (wcos "C - USin`'t) 
PA,BO T d± b + Ucosil) (3.4.3) 
where positive signs refer to pA0 and negative ones to pRO, 
and a,b have been defined above. For the calibration measurement, 
assuming the retardance of the waveplate to be 90° for simplicity, 
- acos 
pCa1A;ç0 
and. it can be shown that, ignoring terms in (t/41) 
2 
, 
pA0 P30 /l. 
... 










































































































































































































































The corresponding expression for the polarimeter at 90° is 
1 
pA.90 a0 .r U 
- +- tan 
2 pCa1A90 pCalB90 
.. 
I I (3.4.6) 
Hence averaging these two orientations will eliminate the effect. 
It has been remarked above the measurement of circular 
polarisation with the photoelastic modulator is affected by the 
proportion of linearly polarised flux in the incoming light. In 
particular, the measurement of the calibration polarisation is 
affected, and it is worthwhile to look at the size of the effects 
involved. Of course these effects should cancel in the analysis, 
at least, to first order. However the general assumption above 
INSERT (see page 133) 
'Mile commissioning the spectropolarimeter before the first 
observing run reported below, the relation between calibration 
polarisation and wavelength for each of the two analyser positions 
was investigated. Graphs such as figure A19 were obtained. This 
particular result was obtained with the calibration filter of 
the 5825 R waveplate set. The modulator excitation voltage was 
set for the centre of the wavelength range. The polarimeter 
simulation computer program described in section A2.3 was 
originally written to investigate these effects. If the difference 
in the calibration polarisations of the two analyser positions 
were the result of linear polarisation from the polaroid part of 
the filter, such a difference should be affected by rotating the 
calibration filter. It was found by runs, with the simulation 
program that if the angle of the polaroid axis to the modulatcr 
axis was fi = 0 °, polarisations with the analyser in either position 
were identical. uowever, as 0 increased, a greater difference 
was 
seen until O = 45 where a maximum effect 
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Figure A20 : The effect of rotating the calibration filter on 
the measured polarisation in each analyser position. 
Each line is labelled with an analyser position 
(A or B) and an angle (Oo, 100, 45 ). The angle is 
of the polaroid in the filter to the system axis. 
Note that when this angle is zero, and the axis of 
the polaroid is midway between the two analyser 
positions, polarisations measured in the two analyser 
positions are identical. 
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illustrates t.is. The angle of the polaroid of the calibration 
filter that was used to obtain figure A19 was ,Ó ti 40° + 2 °. 
After these results were obtained (and again before the first 
observing run) both calibration filters were rotated until 
Ñ 0° for each. This is why the two alternative methods of 
reduction mentioned in the previous section are so similar. 
When this rotation was completed, graphs such as figure A21 
were obtained. The differences now appearing are attributed to 
a slightly misaligned analyser. To justify such a statement 
it is necessary to consider what effects a misaligned analyser 
might cause. In its normal mode of operation, the modulator 
converts incoming circularly polarised light into linearly 
polarised light with its axis aligned with that of the analyser. 
If the analyser is not exactly at 45 °, the mean retardance over 
the cycle which gives the maximum polarisation measure may change 
from +fir /2 to slightly more or less. Since retardance varies 
inversely with wavelennth, this would lead to a displacement in 
wavelength of the maxima of the curves for each analyser position. 
The efficiency* for the detection of polarisation would be expected 
to fall as the misalignment increased, and so the maxima of the 
curves might well be of different magnitude, for, in the general 
case we would not expect the analyser positions to be exactly 
symmetrical about the modulator axis. Finally, `far` from , 
linearly polarised light will affect the measure. This effect 
will be zero at jk. and will increase faster on the blue side 
than on the red. 
Inspection of figure A21 shows that all of these effects 
are seen. The displacement of the maxima in wavelength is 450° 
or about ?;. The difference in maximum polarisations is small 
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(or1- - ht e.ee the comment on the alignment of the analyser 
in section A2.4). Fi ',ure A22 shows the situation when these 
differences are eliminate:3_ by simple zero -point scale shifts. 
INSERT (page 129) 
that (b /6)2 is negligeable mny fail in certain cicumstaices - 
in particular when the modulator is optimised at a wavelength at 
some distance from the wavelength of interest. At a wavelength 
















































































































































3.5 The effect of the spectrometer and photocathode 
It was considered above how an imperfect analyser would 
affect themeasurement of polarisation, and in particular how any 
birefringence in the analyser had no effect. Ten other polarisation 
sensitive elements following the analyser are also considered these 
conclusions may be altered. Narrow slits, tilted mirrors and 
gratings can all polarise light incident on them, as can the 
photomultiplier photocathode, since this is inclined. It is 
intended to model all these components using just one dichroic 
waveplate matrix, an approach requiring justification. Note 
initially that the "characteristic axes" of the slits, mirrors 
and grating are the same, probably to better than a degree. 
Further, the axis of the photocathode is also the same, since 
it is aligned along the spectrum. It will now be shown that the 
of two dichroic waveplate matrices with the same 
orientation is simply another dichroic waveplate matrix. 
Define two such matrices: 
on 
T,r1 = ?; k 0 O 
k Tr 0 0 
0 0 acos Q asir: L 
0 0 -asin-tt ü,CO,S Ls 1,2 
where, for convenience, the notation has been changed somewhat. 
Note that a = (ï.7 - k2) . 
If we define: 
=- 
= 1Ir + k1k2 p = L11 +462 




= a1 + a2 
... 
Then ?d=;J r.T,. _ I: 
Y. 0 
C 0 icosp 
CI 0 -ásinb 
NIA 
and á = (17;2 - 1:2). 
Hence by suitable choice of K, k and A above, all six components 
after the analyser may be represented by one matrix. 
The case of the measurement of circular polarisation is 
considered, including the effect of components after the 
(imperfect) analyser. The matrix representation of the optical 
train and the system matrix are given in appendix A2 . For 
clarit-, is set to zero, and /g to 45°, when 
It = 1/4 ((Ki + K2)(L1 + L2)I + ( 72 cos )(L1 - L2)Q 
+((L1 + L2) (K1 - K2) cost + 217, (L1 - L2) si9LsinEt)U 
+((Li + L2) (I.1 - K2) si n6t - 24772 (L1 - L2) sincosCt)'r) 
where (L1, L2) are the intensity transmission coefficients for 
the spectrometer /detector combination (with 0 the orientation 
of the associated pola_risa.tion axis) , and X is the retardante 






a (mUsin.°+(L1+L2) (K1-K2)ti') 
PA = 4 (T:14I:,,)(L1+L2)I+mQcosp(b/n)((L1+L2)(Rl K2)G-mvsi9)) 
where m = 2:7 (L1 -L2) 
If 100% circularly polarised light passed through this system, we 
find 
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- a (L1 + L0 (`=1 - K2) 
pACal (K1 + 
?i2)(Li 
+ L2) - (b/A )msinx, 
After avera4in;^, the measures between the two analyser positions, 
we obtain 
1 (PA pR msinX U 1T x -1 ?co 
P 
_ =fL+L)(I-?') ?+Ì 1+(L +L)(u1-`' ) I 2 Cal PB Cal 1 2 1 2 1 2 á ? 
and hence, provided that m /(Li + L2) (K1 - K2) and m /(Li + L2) (K1 + L2) 
are small, al!eraging 0° and 90° orientations of the polarimeter 
will result in an accurate measurement of the circular polarisation. 
T7pical values in the above equation might be L1 = 0.6, L2 = 0.4, 
in = 0.01 and (Ki - K2) al (K1 + L2) 0.7. These values implyr 
an error in .',`1 of less than 10 
-6 
through the values assumed 
small above. 
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3,F. Other factors influencing the measurement of polarisation 
Before starlight enters the polarimeter it is reflected by 
the telescope mirrors and this w will affects its state of 
polarisation. ?hen working at the Oassegrain focus, any linear 
polarisation introduced is usually small because of the symmetry 
of the optical arrangement. Larger effects (0.15) may occur: 
there may be vignetting of the beam in the polarimeter; the - 
aluminium coatings may have aged differently across the mirrors; 
or .lifferen_t weights may be given to different regions of the 
Prima-úr by the spatially variable sensitivity of the photocathode. 
The retardance caused b;r the telescope mirrors should also be 
small (see ::emp et al. (1972)) . Both effects can be enhanced 
if the instrument is slightly off -axis with respect to the 
telescope. Observations were made of bright unpolarised stars 
in order to determine the importance of the polarisation introduced 
by each telescope. Some of these measurements are listed here 
as table A5. Only on the nauna ;:ea 24" telescope have large 
effects been seen. This telescope contributes a linear polarisation 
of around 0.15. The instrumental polarisation is well determined, 
ana then subtracted to give the presented measurements. Some 
planetary measurements were taken with this telescope (1980 
measurements, chapter B). 
Some factors that may affect the measurement of polarisation 
have been dealt with only briefly in the last three sections. A 
number of these are discussed more fully in following sections 
where they appear to be relevant to the data being presented. 
In_ particular, the following are discussed later: the effect of 
an extended image in the entrance aperture (section 35); the 
accuracy of sky polarisation measurements (section E6); the effect 
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of misa1i 7ned. and possibly tilted waveplates (section ry1-! .3. ?) ; 
and the probles_ cf stray light ( section C5.4). 
139 
4 3ecent modifications to the spectropolari meter 
The previous sections have made clear the limitations of 
the rOE Spectropolarimeter. Then a new spectropolarimeter was 
built at ROE, the experience gained with this instrument allowed 
many of the problems occuring in the optical system to be 
eliminated.. The MkII spectropolari inter is controlled by an 
hierarchical system of two microprocessors and a minicomputer, 
and uses both hard and floppy discs for non -volatile memory. 
Nost instrumental functions are automated, including guiding, 
which is implemented by having a SIT- vidicon camera looking at 
the offset guide mirror. The present instrument has recently 
been modified to improve its flexibility and reliability. 
Rand -wired log ~ic has been replaced by a system of two micro- 
processors, carried across practically unchanged fror the rkII 
instrument. These give improved control and display of status 
information, thoumh final control still remains with the 
programmable calculator. The waveplate and order sorter wheels 
are now under the control of the calculator, as is the entrance 
aperture wheel of the spectrometer. This aperture wheel has 
both slits and circular apertures. The optical train remains 
identical to that of the instrument described in this paper. 
However modifications have been made to allow more accurate setting 
up and adjustment of the various components. These modifications 
should lead to further reduction in the importance of instrumental 
effects in our polarimeter. Some of the modifications and 
improvements will now be detailed. The offset guide mirror has 
been realum; r_i sed, the illumination improved and the problem 
of 
focussing resolved. Guiding is now relatively easy. 
The 
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quarterwave retardation plates have been put into proper filter 
holders and are held in by silicone rubber. These wa ?replates 
can now be rotated in situ by up to -20. ^ mask has now been 
affixed to the T:aveplate side of the photoelastic modulator 
such that, while some of the beam may still be vignetted at the 
modulator, light that does not pass through the modulator can no 
longer reach the photomultiplier. The analyser is now removeable 
and held in place in such a way that it does not warp. The 
encoders that determine the two analyser positions are now 
adjustable in situ (by almost =5e) . As yet a prism has not be,. en 
installed. A new viewing eyepiece ha..- been designed and 
incorporated into the spectrometer. '?ith better illumination, 
centring is now quick and efficient. The slits in the aperture 
wheel allow high resolution (5 R) work such as Zeeman polarimetry. .
The order sorter filters have been antireflection coated, with 
the exception of the H,^ 715. The multilayer coating is 
optimised for the visual region and would have led to increased 
reflection losses for the filter. Finally, the instrument has 
also been upgraded by the provision of a photometer section 
which optionally replaces the spectrometer. Broad band 
interference filters are mounted in a filter wheel and are 
selected by the calculator. The full range of resolutions is 
now available - from 5 to 5000 angstroms. 
Engineers involved in this update were A.J. Hutton 
(electronic) , ^_ .A . n?cI_ie (mechanical) and J.T. Herd (microprocessor 
software). 
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Appendix Al The mathematical description of light. 
This appendix is split into several sections, detailed below: 
1. Definition of linearly, circularly and elliptically 
polarised light. 
2. Introducing the Stokes parameters. 
3. The Mueller Calculus. Listing of matrices used in 
various parts of this thesis. Derivation of one of 
them. 
1. Circular, linear and elliptical polarisation 
It was stated in the General Introduction that any beam of light 
might be regarded as a mixture of unpolarised light, of linearly 
polarised light, and of circularly polarised light. First of all, 
we shall make these concepts clearer. 
Experiment shows that in circumstances where light is satisfactorily 
described by the mathematics of a wave model, then that wave is 
transverse to the direction of propagation. Solution of the classical 
Maxwell equations describing the magnetic and electric fields 
curl E = - µ 
at 
div H = 0 
gives the wave equations 
2 
-err r-0 o 
and 
V 2 - 
cur 1 H= et: E+ aE 
at 
divE=0 
a E - QEorpo 














These equations are linear, and show that the electric and magnetic 
vectors are at right angles to each other, in phase, and are both 
perpendicular to the direction of propagation. 
A simple sinusoidal wave is a solution to these equations. 
Such a wave must necessarily be linearly polarised. That is to say, 
the plane of vibration of the electric vector is constant, and is 
inclined at an angle 9 to some reference direction. When talking 
of light, we always refer to the electric vector, as it is this 
component that causes most of the effects we observe. Now consider 
coherent addition of a second sinusoidal wave of equal amplitude 
to the first, and whose electric vector oscillates in a plane 
orthogonal to that of the first. If the two are in phase, a linearly 
polarised beam results, whose angle to the reference direction is 450. 
If there is a phase difference of 1T/2 between the beams, the 
electric vector will appear to rotate about the direction of 
propagation at a frequency equal to the frequencies of the component 
waves. Such a beam is termed circularly polarised. If the phase 
difference is anything else, the electric vector will be seen to 
execute an ellipse, forming so- called elliptically polarised light. 
Consider now the macroscopic case. A beam of light is a 
collection of these waves, put together with no regard to phase. 
Furthermore, the quantum theory predicts that even the light from 
one oscillator will be subject to random phase shifts, breaking 
down the continuous waves into 'photons'. If, in fact, the photons 
have randomly orientated electric vectors, the light is said to be 
unpolarised, or 'natural'. On the other hand, if phase relations 
do manage to persist over long time scales, due to the nature of the 
emission or the nature of the light path, we shall obtain elliptically 
polarised light. In general this light will only be partially 
polarised. It is clear that linearly polarised light and circularly 
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polarised light can be regarded as special cases of elliptically 
polarised light. 
2. The Stokes Parameters 
Consider a beam of completely elliptically polarised light. 
To describe the ellipse that the tip of the electric vector is, 
on average, tracing out, we need four parameters. We need to 
know the size and shape of the ellipse, its orientation with respect 
to the reference axes, and in which way it is rotating. 
We may resolve this ellipse into two orthogonal sinusoids, with 
phase differences, S , and represent them as: 
Ex = E x 0 cos wt and E = E cos .(wt - S ) (A3) 
0 
Note that these are averaged over all photons in the beam. Eliminating 
time dependence between these gives the ellipse: 
E2/E2 + E2/E2 - 2 E E cos S /E E = sin2 S (A4) X xo y yo x y xo yo 
Hence we have specified the ellipse by the parameters E , E , 
o yo 
S and the sign of g. The sign of S determines the direction of 
rotation of the vector, and is a matter of convention. We shall 
return to this point later. 
A more convenient representation suggests itself. It is 
possible to define the elliptically polarised light by its intensity, 
I , the axial ratio of the ellipse, G , and its azimuth, or 
angle 
P 
between the major axis and reference direction, ß. The fourth parameter 
we may take to be the sign of 95 . These can be found from the 
relations: 
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2.2 /(1 + 7 2) = 2EXOEyo sin S /(EX + E2 ) 
o yo 
To make this simpler, we could define: 
M = E2 - E2 
o yo 
C = 2 E E cos 5 
Xo 
yo 
S = 2 EX E sin S 
o yo 
and hence write (A5) as: 
tan 20 = C/ and 2'l = S/ 
M 
1 + 72 IP 
The quantities M, C, S just defined in (A6) turn out to be rather 
interesting. Note firstly that 







+ 4 E2 E2 sin2 i; 
X 
o o 
= E4 + E4 + 2 E2 E2 
XO yo xo yo 
= (EX 2 2 + E ) 
o yo 








If Ex and E are equal and V= 17/2, the case of perfectly 
o yo 
circularly polarised light, then, using (A8) 
M= C= 0 S = I 
P 
The parameter S seems to characterise circularly polarised light. 
Further, if the light is linearly polarised parallel to the x -axis 
(and hence E is zero). 
Yo 
C = S = 0 M = I 
P 
M has also a physical significance. If the light were polarised 
parallel to the y -axis, M would be negative. The significance of C 
can be seen by setting E equal to E , and S to zero. This is 
o yo 




M = S = 0 C = I 
P (All) 
The above representation of polarised light is termed the Stokes 
representation, and the parameters I , M, C, S, the Stokes parameters. 
The notation is that of JONES (1941 ) and PERRIN (1942 ). Modern 
astronomical usage tends to follow CHANDRASEKHAR (1950 ) and 





V ! S (Al2) 
We follow their usage from here on. 
When writing equations (A3), we noted that we were dealing 
with quantities averaged over the beam. For unpolarised light, there 
are no long lasting phase relations, and so M, C and S when averaged 
over the beam are zero. Therefore the Stokes representation for 
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unpolarised light is: 
I = I U = C = 0 




= 0 V 
u 
= Su = 0 
Now, the major advantage of the Stokes representation is that 
"when several independant streams of light are combined, the Stokes 
parameters for the mixture is the sum of the respective Stokes 
parameters of the separate streams" (CHANDRASEKHAR, 1950 ). Hence 
the most general case of partially elliptically polarised light can 
be treated as a mixture of purely elliptically polarised light and 
unpolarised light, and, when we seek to investigate the effect of 
somemedium or element on the Stokes parameters of a beam of light, 
the unpolarised and the polarised parts can be treated separately, 
and simply summed to provide the final result. 
We return now to the problem of the description of the direction 
of rotation of the electric vector in elliptically polarised light. 
Notice that in the Stokes representation, this reduces to the 
question of the physical meaning of the sign of V, since cosS is 
on even function (see equation, (A6)). Even when we have decided 
which direction we shall denote as positive and which negative, it 
is still necessary to decide which to call "right- handed" and which 
"left- handed ". 
The standard convention is given by GEHRELS (1974 ) . Positive 
circular polarisation is when the electric vector has increasing ¿9 
with time. With this definition, positively circularly polarised 
light carries positive angular momentum. This means that if an 
observer who is looking towards the source sees the electric vector 
rotating in a counterclockwise direction, he is observing positive 
circularly polarised light. This leads to a resolution of the 
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second point. Iz radio -astronomy such a positively circularly 
polarised wave would be termed right- handed, by reference to the 
Institute of Radio Engineers definitions of terms (IRE, 1942). 
All measurements of circular polarisation reported in this thesis 
are corrected in accord with this convention. CLARKE & GRAINGER 
(1971 ) have pointed out that if one looks at the locus of the tip 
of the electric vector along the direction of propagation, one sees 
a helix. The handedness of this helix can also be used to define 
the handedness of the light and this leads to the opposite convention. 
3. The Mueller Calculus 
The additivity of the Stokes parameters was commented on above. 
Note however that 'this additivity of the Stokes paramters holds 
only so long as the component streams forming a mixture have no 
permanent phase relations between themselves.' (CHANDRASEKHAR, 1950 ). 
That is, they are incoherent. For coherent beams, the Stokes 
parameters cannot be used to describe the sum of several beams, and 
a form known as the Jones calculus is used. For Stokes parameters 
the appropriate calculus is the Mueller calculus. In this, the 

























beam is split into unpolarised and 
the Stokes vectors formed, using 
(A14) 
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Now, operations are performed using 4 x 4 matrices. The usual 
matrices are given in table A7 . By combining these matrices, any 
polarimetric system can be modelled, and represented by one matrix. 
, 
S 1 I 
Q 4x4 Q 
U' U 
V (A15) 
As an example, the matrix for a dichroic waveplate (or any optical 
element which is simultaneously dichroic and birefringent) will now 
be derived. Consider the case of a general completely elliptically 
polarised beam. This beam has the following components when resolved 
along the axes of the dichroism. 
E = E cos (wt + S ) 
x xo x 
= E cos (wt + S ) 
yo y 





E2 + E2 
xo yo 
E2 - E2 
xo yo 
2 Exo Eyo cos ( S 
y- 
Sx) 
2 Exo Eyo sin ( O y- sx) 
The beam then passes through the optical element. This has the 
effect of reducing the amplitude of the 'x'- component by a factor 
k1 , of the y- component, by k2. It also retards the y- component 
by a retardance, . 
Hence the beam now appears: 
E' = kl Exo cos (wt + S ) 




This beam has Stokes parameters as follows: 
I/ = k2 E2 k2 E2 
1 xo 2 yo 
Q' 
= ki I+ Q+ k2 I- Q 
2 2 





2 E2 - k2 E2 = k 
1 xo 2 yo 
= ki I + Q - k2 I - Q 
2 2 
= 2 i,(k 
1 
2 
- k2 ) I + (kl k2 ) Q 
U/ = 2k1 k2 Exo Eyo cos ( S - - S x) 
= k1 k2 (2 Exo Eyo cos (S - Ç X) cos d ) 
+ kl k2 (2 
Exo 




) sin & ) 
= k1 k2 U cos Lb + k1 k2 V sin Q, 
V = 2 k1 k2 Exo Eyo sin ( S - Q - S x) 
= kl k2 (2 Exo Eyo sin ( Sy - Çx) cos b. ) 
- kl k2 (2 Exo Eyo cos( S - 5 x) sin Q ) 
= k1 k2 V cos A - k1 k2 U sin Q 
Therefore, the matrix for this situation, is: 
.. 






ki + k2 kl - k2 0 






0 2k1k2cosQ 2k1k2sin d U 
0 p -2k1k2sinb 2k1k2cosL1 V 
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It is normal practice to replace k1 by k1 and k2 by k2. 
These variables, k1, k2 are known as the principal intensity 
transmission coefficients. The form shown in table A8 is 
derived by the further substitution, kl = k, and k2 = rk. 
The quoted form for the standard Mueller matrices is derived 
from CLARKE & GRAINGER (1971). Unfortunately, the matrices imply 
the opposite convention for circular polarisation. This should 
be borne in mind when considering the algebra presented at variais 
places in this thesis. The convention for the positive direction 
of rotation of the linear polarisation vector is in accord with 
normal usage. 
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Appendix A2: System matrices for both the real and the ideal 
spectropolarimeter. 
We give here the matrix representations for the various cases 
described in the text (sections A 1.3 and A 3). Angles are defined 
in and by Fig. Al. 
1. The ideal instrument 
1.1 Determination of circular polarisation 




= C C+ß Bet Q 
U 
V 
where St = instantaneous retardance of the modulator 
= angle of the analyser (i.e. = 45° or 135 °) 
K1 = 1 
K2 = 0 
Hence the 
r 
system matrix is 
MEP 
1 0 ±cosS ±sine 
0 0 0 0 
+1 0 cosS sine 
0 0 0 0 
where upper signs apply in the case ß = 45 °, and lower signs ß = 135 °. 
This matrix represents the system when the polarimeter is orientated 








C+ß Bdt C90 







1 0 +- costi ±sind 
0 0 0 0 
+- 1 0 costi -sinS 
0 0 0 0 
1.2 Determination of linear polarisation 
In this case the matrix representation of the system is 














where ß, K1, K2 and St are defined above. 
ip is the angle which the fast axis of the waveplate makes 
with the x -axis. 
T is the retardance of the waveplate. 
If the system matrix is represented as }[a,i ], then i 
a11 = 1 
a21 = 0 
a31 = ±1 
a41 = 0 
a12 = ±sin4cos4(1-cosT)cosdt ± sin4sinTsinSt 
a22 = 0 
a32 = +sin4cos201-cosT)cosSt + sin2lPsinrsinSt 
a42 = 0 
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a13 = ±(sin24 + cos221PcosT)cosSt + cos4sinTsin6 
a23 = 0 
a33 = +(sin224) + cos221PcosT)cos6 - cos2tPsinTsin6 
a43 
0 
a14 = ±cos21PsinTcosSt ± cosTSinSt 
a24 = 0 
a34 = cos2i,sinTcosdt + cosTsindt 
a44 = 0 
Again, upper signs are for the case ß = 45 °, and lower for ß = 135 °. 
This is the case of the polarimeter at 0 °. For the case of the 
polarimeter at 90 °, the only difference is that the following terms 
change sign: a21, 
a31, a12, a13, a42, a43, a24, a34. 
1.3 Determination of calibration polarisation 









Cß BSt C-a BT Ca C_ a+45 AK1K2 C+a-45 
U 
V' V 
where K1, K2, ß, T are defined above; 
a is the angle at which the calibration waveplate is 
orientated. 
For simplicity we define 
a2 = sin2acos2a(1 - cosT)cosSt + sin2asinTsindt 
a3 = (sin22a + cos22acosT)cosSt - cos2asintsindt 
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i.e. a2 = a32 = ±a12 and a3 
above. 
= a33 = 
Further, we define d = a2sin2a - a3cos2a 
+a13 
in case (b) 
Now the system matrix for the polarimeter in the 0° position, 
may hence be written: 
(1 ±d) (1 ±d)sin2a -(1 ±d)cos2a 
1 0 0 0 
4 
( ±1 +d) ( ±1 +d)sin2a - ( ±1 +d)cos2a 





where upper signs apply for ß = 45° and the lower for ß = 135 °. 
For the polarimeter in the 90° position: 
i 
4 
(1±d) -(1±d)sin2a +(1±d)cos2a 0 
0 0 0 0 
-(±1+d) (±1+d)sin2a -(±1+d)cos2a 0 
0 0 0 0 
ow* 
2. The real instrument 
2.1 Imperfect analyser 
Consider the case of the measurement of circular polarisation, where 
the analyser is birefringent, not perfectly dichroic (K2 x 0) and 
not at 45° to the axis of the modulator (ß x 45). Then the matrix 













where x is the retardance introduced by the analyser. 





+ K2) c12 = (K1 - K2)cos2ß 
c21 = (K1 - K2)cos2ß c22 = (K1 + K2)(1-sin2213) + 2K1K2cosXsin22ß 
c31 = (K1 
- K2)sin2ß c32 = (K1 + K2 - 2K1K2cosX)sin2ßcos213 
c41 = 0 
c42 = 
2K1K2sinXsin2ß 
c13 = (K1 
- K2)sin213cosSt 
c23 = (K1 
+ K2 - 2K1K2cosX)sin2acos2acosdt + 21/K1K2sinXsin2asindt 
c33 = (K1 + K2)cosSt - (K1 + K2 - 21/K1K2cosX)cos22ßcosSt - 
- 2K1K2sinXcos2ßsinSt 
c43 = -21/K1K2(sinXcos2ßcosSt + cosXsindt) 
c14 = (K1 
- K2)sin2ßsin6 
c24 = (K1 + K2 - 2K1K2cosX)sin2ßcos2ßsinSt - 2KiK2sinXsin2ßcosSt 
c34 = (K1 + K2)sin6 - (K1 + K2 - 21/K1K2cosX)cos22ßsindt + 
+ 21/K1K2sinXcos213cosdt 
c44 = -21/K1K2(sinXcos2a.sinSt - cosXcosSt) 
2.2 Imperfect calibration filter 
The matrix representation of an imperfect polarisation calibration 
filter, where the linear polariser is not completely dichroic, is 






= C B C C D C 
U' 
-a T a -p K1K2X p U 
V' V 
where p is the angle at which the linear polariser is orientated. 
We simplify by setting p = 0 and T = 90 °. 
then written as }[d.,] it is found that: 
iD 
If the system matrix is 
d 
11 
= (K1 + K2) d12 = (K1 - K2) 
d21 = (K1 - K2)cos22a d22 = (K1 + K2)cos22a 
d31 = (K1 - K2)sin2acos2a d32 = (K1 + K2)sin2acos2a 
d41 = (K1 - K2)sin2a d42 = (K1 + K2)sin2a 
d13 = 0 
d23 = 2K1K2sin2a(cosXcos2a + sinx) 
d33 = 21/K1K2(cosXsin22a - sinxcos2a) 
d14 = 0 
d24 = 2K1K2sin2a(sinXcos2a - cosx) 
d34 = 2K1K2(cosxcos2a + sinxsin22a; 
d43 = -21/K1K2cosxcos2a d44 = -214K1K2sinXcos2a 
2.3 Effect of spectrometer and photomultiplier 
All components after the analyser are modelled with just one dichroic 
waveplate matrix, DL We consider the case of measurement of 
1 2 





= C-Y DL1L2Q Cy C-ß 
DK1K2X Cß Bat U 
V' V 
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where y is the angle between the x axis (see Fig.A1) and the polari- 
sation of the spectrometer. This matrix may be written as EF where 
E=C -yDL 
L 
6Cy, that is 
1 2 
E 1 
(L1 + L2) (L1 - L2)cos2y (L1 - L2)sin2y 0 
(L1 - L2) (L1 + L2)cos2y (L1 + L2)sin2y 0 
0 -2/L 
1L2cosusin2y 
2 /L1L2cosocos2y 2 /L1L2sina 
0 2 1L1L2sinusin2y -2 /L1L2sinocos2y 2 /L1L2coso 
If EF = 1 /4[gi.3 ] and F = C DK 
K 
XCß is derived in section 4(a) then 
1 2 
the detected intensity may be written 
It = 1/4{g11I 




For simplicity, we give only these four coefficients: 
g11 = (K1 + K2)(L1 + L2) + (K1 - K2)(L1 - L2)cos2(y - (3) 
g12 = (K1 
- K2)(L1 + L2)cos2ß + (K1 + K2)(L1 - L2)cos2y + 
+ (K1+ K2 - 2/K1K2cosX)(L1 - L2)sin2ßsin2(y - (3.) 
g13 [(K1 - K2)(L1 
+ L2)sin2ß + (K1 + K2)(L1 - L2)sin2y - 
- (K1 + K2 - 2/K1K2cosX)(L1 - L2)cos2ßsin2(y - ß)]cosSt 
- 21/K1K2(L1 - L2)sinXsin2(y - (3)sinSt 
g14 
[(K1 - K2)(L1 + L2)sin213 + (K1 + K2)(L1 - L2)sin2y - 
- (K1 + K2 - 2K1K2cosX)(L1 - L2)cos2ßsin2(y - (i)sinSt + 
+ 2)/K1K2(L1 - L2)sinXsin2(y - (3.)cosSt 
In practice, y is no greater than a few degrees. 
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Appendix A3 The wavelength scanning system of the McPherson 
monochromator. 
The drive arrangment of the grating in the McPherson is shown 
in figure A8 which also defines the various angles and dimensions 
referred to. The grating is free to rotate about the axis into the 
paper at 'A'. An arm is attached to the grating which ends in a 
polished metal ball. The angle between the normal to the grating 
and this arm is '6'. DGCJ is a lead screw with a block attached to 
it. The polished face of the block, at an angle ',I ' to the lead 
screw, bears onto the ball. Light from the collimating mirror travels 
along the path KA. The angle < KAC is fixed, and equal to about 
14 °. To reach the exit slit, light must also leave at this angle. 
Motion of the block in the direction DJ hence rotates the grating 
normal AL, and in this way longer wavelengths are conducted to 
the exit slit. It is required to demonstrate under what conditions 
the wavelength selected is linearly dependant on the distance DC. 
The grating equation describes the relation between angle 
and wavelength selected. 
= 2d sin z (6d - ) cos 2 ( 6) + B ) 
where: d = grating spacing 
m = order 
O = angle of incident light to grating normal 
19d 
= angle of diffracted light to grating normal 
Since d + ei = 28° and defining 410= z (( - ei) 
we have: q = 2d cos 14° sin L16/ 
m 
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Define x = DC 
a = HA 
Then HB = a sin 7 





x = DG + EH 
= (b - a cosa' ) cot 0( + r cosec o( + a sins 
= 1 (b cos d + r - a cos ( 3' - a ) ) 
sino( 
t9i 
+ QJ - = 14 
r = FH 
b = AC 
DC = EG cot o( = 
BC = AC - AB = 
+ HB 
BC coto( 
AC - a cos' 
x - (b cos d + r) - a cos ( B. + 0 - 14 - o( ) 
sine( sin 0( 1 
de = 14 - ei 
i 
x = (b cos oC + r) - a cos ( A9 + o( - ) 
sing( sino( 
x = b cos o( + r - a sin ( oQ + p( - - 90) 
sin a< sin o( 
Therefore the required condition for linearity is that 00 6 + 900. 
The setting of this condition must be left to the manufacturer as no 
adjustment is provided. The constant term can be eliminated by 
setting the wavelength counter to zero when the grating is set up in 
zero order (i.e. as a simple mirror). In this case A@ = 0. The 
multiplicative factor is accounted for in the gearing to the lead 
screw. There is some adjustment here through 'a', which it will be 
recalled is the length of the arm attached to the grating. This is 
slightly adjustable. If the grating is seating slightly incorrectly 
in its holder, then the condition C = 6 + 90 might be destroyed. 
This is equivalent to a small error in 60 . 
1 60 
Since = 2d cos 14 
o 
sin A69 m 
Then = 2d cos 14° cos a8 E 
m 
where E = error in A 6) (radians) 
Putting in values for the 1200 gmm -1 grating, and converting E to 
degrees gives: 
Sr = 282 E° cos 44 
This relation would look linear over quite large ranges of 
wavelength, since at 5000 X, cos 49 = 0.95. In fact, the 
difference in wavelength error between 5000 X and 7000 X is given 
by the expression: 
(A) = 14.11 E° 
Applying this approximation to the observed results (figure A9 ), we 
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Table Al The variation of the birefringence of crystal 
quartz with wavelength 
(ne - no) (10-5) 2-1 
.4e2 
3000 1045 2.225 1.369 
3500 984 1.796 1.105 
4000 958 1.530 0.941 
4500 940 1.334 0.821 
5000 927 1.184 0.729 
5500 918 1.066 0.656 
6000 911 0.970 0.597 
6500 903 0.887 0.546 
7000 898 0.819 0.504 
7500 893 0.760 0.468 
8000 889 0.710 0.437 
8500 886 0.666 0.410 
The birefringence of crystal quartz is given in the first column. 
The second and third columns are retardation, normalised for 
11/2 at '825 X and 3803 R respectively. 
e.g. A zero -order waveplate that exhibits 11/2 retardance at 
3800 Á will exhibit a retardance of 0.417 x 71/2 at 8000 X 
A comparison of the actual retardance at a certain wavelength and 
the approximation obtained by ignoring the wavelength dependence 
of the birefringence of crystal quartz is shown in figure Al2. 




O O O 
CD 
Figure Al2 : The solid lines represent the quantity K sin(90 °)( 4c/')') 
used in the reduction procedure.The case of ñ = 38O0á 
is shown by open circles, that of rt = 5825g by filled 
circles. The dashed lines give the quantity K1 of which 
K is an estimate. KI includes the effect of the 
variation with wavelength of the birefringence of crystal 
quartz. 
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171 = Experimentally determined optimum modulator setting 
for the tabulated wavelength. 
The ultraviolet region still undefined was checked on the 
telescope using bright stars. 
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The upper part of the table are the quoted values for HNP'B. 
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Beyond 4000 R it behaves as HY 32, whose properties are listed in 
the second half of the table. 
1 
ant? K2 are the Principal intensity transmission coefficients, 
i.e. the transmittance of the Polaroid to linear polarised light 
parallel and perpendicular to its axis. In the alternative formulation 
used in the appendix, k = K1, and r is defined through the expression 
K2 = rK1* p is the degree of linear polarisation of an ur_polarised 
beam after having passed through the filter. It is calculated from 
p = K1 - 11.2 
K1 + K2 
Table derived from the American Institute of Physics Handbook, 1972 
167 
Table A4 Logging information requested by GAP 1 
Mnemonic Description Limiting values Typical value 
STAR Name of object being 
observed. 
- - 
OS Order Sorter filter used. 1 to 6 5 
HT High tension voltage applied 
to Photomultiplier. 
1000 - 2000 V 1500 V 
AP Aperture used (wheel number). 1 - 5 3 
CS Counter Setting, as 
determined by thumb switches 
on the counter. Enetered 
1 - 100 1 
in units of seconds. 
MV Modulator Volts set. In 180 - 500 
units of centivolts. 
OP Set of optics used. 5825 or 3800 Á 
Which set of waveplates? 
RS Resolution used. Effective 5 - 400 Á 
width of exit slit in 
terms of resolution. 





Table A5 : Unpolarised star measurements. 
Unpolarised star measurement 
1. Linear polarisation 
Object 
Wavelength (A) 
(Date) Q/I (%) a U/I (%) 
P Vir 4500 -0.024 0.028 -0.005 0.032 
(May 1978) 5000 +0.047 0.023 +0.032 0.025 
5500 +0.020 0.024 +0.029 0.028 
6000 -0.013 0.029 -0.028 0.030 
6500 +0.014 0.033 -0.050 0.028 
7000 -0.016 0.031 +0.045 0.029 
P Cas 5500 -0.002 0.021 -0.002 0.021 
(Oct 1978) 5800 +0.013 0.021 +0.029 0.024 
6100 -0.004 0.022 -0.029 0.027 
6400 -0.012 0.024 -0.015 0.024 
6700 -0.013 0.026 +0.013 0.029 
7000 -0.026 0.026 +0.017 0.030 
a Cifa 3200 +0.006 0.012 -0.011 0.012 
(Feb 1979) 3400 -0.015 0.011 -0.011 0.011 
3600 -0.013 0.010 -0.005 0.011 
a Aur Ha -0.004 0.004 -0.003 0.004 
(Oct 1978) Hß +0.002 0.007 +0.002 0.007 




V/I ( %) 
a Aur Ha -0.004 0.007 
(Oct 1978) Hß -0.005 0.007 
- X And Ha +0.017 0.014 
(Oct 1978) 
e LMa Hß red wing -0.007 0.015 
(Feb 1979) Hß blue wing -0.019 0.015 
Measurements on ß Vir and ß Cas were made at 50A resolution; while those 
on a CMa are at 100A resolution. Points on a Aur and X And are averages 
of data at various resolutions between 5 and 25A across spectral lines. 
e UMa was studied at 5A resolution. These measurements were taken with 
the 1.0m and 1.5m telescopes of the University of Arizona at Mt. Lemmon, 
and the 1.55m telescope at the Catalina outstation. 
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Table A6 : The quantum efficiency of the RCA C31034A 
photomultiplier. 
This table is extracted from the RCA data sheet. 



















Table A7 Aïueller matrices 
1. Partial polariser 
r 
= 1 k(1+r) k(1-r) 0 0 
2 k(1-r) k(1+r) 0 0 
1 
0 O 2kr2 0 
0 0 0 2kr2 
L- 
This is a sli?htly different representation to that normally 








K2 = rk 
and;] K 
1 
an c F 
2 
are t, o intensity tranmie c, r. c o : -T ff^ : ciert .: .. _ 
t? artical element to perfectly linearly polarised light in two 
orthogonal directions (chosen such that K1 - K2 is maximised). 
Hence 'k' characterises the transmittance of the element and 'r' 
characterises the degree to which it polarises light. 'r' is the 
inverse of the extinction ratio. Unpolarised light falling onto the 
element is linearly polarised to an extent- p = (1 - r) 
(1 + r) 
2. Pure retarder 
B 1 0 0 0 
0 1 0 0 
0 0 cos 1 sin 
0 0 - sins cos 
171 
is the differential retardation (of the y - axis with respect 




1 0 0 0 
0 cos 20( sin 20( 0 
0 - sin 20 ( cos 2p( 0 
0 0 0 1 
This matrix is equivalent to a rotation of the coordinate 
axes by an angle O. , anticlockwise. 
4. Dichroic wavenl^te. 
This matrix represents an optical element which is both dichroic 
and birefringent. It is assumed that the axis of the birefringence 
is Parallel to that of the dichroism. 
Dk,r.S 
k ( 1 + r) k(1 - r) 0 0 
( í - r) k(1 + r) 0 0 
1 1 
O 0 2kr7cosS, 2kr2sing 
O 0 -2kr7sinS 2kr7cos S 
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Spectropolarimetry of Jupiter and Saturn 
1. Introduction 
Jupiter and Saturn have been studied since ancient times. 
Their brightness and readily detectable motions attracted the 
interest and study of many of the early astronomers. In those 
times, when the terms astronomer, scientist and priest were often 
indistinguishable, these planets were reckoned of great importance. 
They were associated with the most powerful of the gods - Zeus/ 
Jupiter and Chronos /Saturn in the graecoroman pantheon. These 
planets have affected the history of civilisation on this planet 
in a number of ways, and probably more through astrology than 
astronomy. Was the Bethlehem star a conjunction of Jupiter and 
Saturn? Do conjunctions of the planets trigger earthquakes here 
on Earth? (GRIBBIN and PLAGUEMANN, 1974). Is one's future career 
affected by the planetary configurations at birth? (GAUQUELIN, 1969 ) 
(These questions are not to be answered here!) These things aside, 
the major planets have certainly been great spurs to research. 
The discovery of the satellites of Jupiter by Galileo (GALILEO, 
1610), or possibly Marius (see OWEN (976) and references therein), 
was instrumental in the conversion from a geocentric to a 
heliocentric view of the solar system (or perhaps more exactly, 
the Universe). The nature of Saturn's rings was a problem which 
required the development of better telescopes for its solution 
(HUYGENS, 1649). 
Planetary polarimetry can be said to have started with 
Bernard Lyot in the 1920's. His visual polarimeter could be read 
to 0.1% and was applied to the study of the dependence of linear 
polarisation with phase angle of the Moon, Venus, Mars, Jupiter 
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and Saturn. In this pioneering work (LYOT, 1929), the centre -to- 
limb and latitudinal variations of Jupiter and Saturn were studied, 
along with the phase dependence. The centre -to -limb and phase 
dependencies were interpreted as being caused by a 'fog' or 
distribution of aerosols suspended in a gaseous atmosphere. The 
latitudinal variations were explained as an increasing transparency 
of the atmosphere from the equator towards the poles. Besides 
Ohman, another pioneer in many fields of polarimetry, in the 
194.0's, the field then lay dormant until A. Dollfus (DOLLFUS, 1961) 
began detailed study of the nearby planets. He studied the wave- 
length dependence of some areas of Jupiter, and looked closely at 
the variations in polarisation around the rings of Saturn. He 
used visual, photographic and photoelectric polarimeters, and even 
designed an infrared polarimeter (sensitive to 2.6 /k). Both Lyot 
and Dollfus made extensive laboratory measurements on various 
terrestrial materials. 
This chapter reviews the standard references on the polarimetry 
of Jupiter and Saturn (section 2) and gives a brief description 
of our current understanding of the atmosphere of these two planets 
(section 3). Having stated the model, the justification for the 
present observations will be explained (section 4). The polarisation 
data for Jupiter will then be presented (section 5), followed by 
that for Saturn (section 6). After the discussion of other relevant 
information drawn from the literature (section 7), the polarisation 
data is interpreted (section 8). This chapter ends with a conclusion, 
and with suggestions for future work (section 9). While figures are 
incorporated into the text, the tables are collected together at 
the end of the chapter. 
175 
2. Previous Polarimetry of Jupiter and Saturn 
The planets are complex objects for polarimetrrc study, but 
fruitful ones. There are a number of variables upon which the 
polarisation may depend. We may summarise them under four headings: 
i) Dependence on phase angle; 
ii) Dependence on wavelength; 
iii) Dependence on position on the planetary disc; 
iv) Dependence on time. 
These headings relate to the ways in which the polarisation is 
studied. More physically meaningful headings would be: geometry 
of illumination, composition, size and shape of the scattering 
particles and structure of the atmosphere. Early observational 
work is summarised by DOLLFUS 1961).. The summary of the 
observational evidence below is intended to include work published 
up to mid -1980. Since most of these-studies were made in the 
1960's and early 1970's comments are made on the polarimeters and 
on their probable accuracies. 
The dependence of linear polarisation on phase and wavelength 
for both Jupiter and Saturn has been studied by Russian groups. 
BUGAENKO et al (1971) studied the phase dependence for selected 
areas of Saturn using twelve filters which covered the range 
3600 -7500 L, and had passbands of 25 of their peak wavelength. 
Two of the filters were centred on methane bands (at 6190 and 
7250 á). The variation of linear polarisation with wavelength 
for two runs on the South pole of the planet at a phase angle 
of about 3.05 is shown here as figure B1.. The quoted error 
for the Russian measures is 0.1. On the basis of these 
results, the authors ruled out any variation of polarisation 







I I I 1 I 1 I 
5000 6000 7000 
0 
Wavelength(A) 
Figure B1: Linear polarisation of the South pole of Saturn (wavelength 
dependence), according to BUGAENKO et al (1971). Two nominally 
identical runs are shown. Phase angle 3 °5. 
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of the errors no further investigation of this possible variation 
has been made, though COFFEEN & HANSEN (1974) have suggested since 
that the polarisation within the methane band at 8890 Á might be 
twice that of the continuum at 9200 R. The polarimeter used for 
the Russian observations was probably not capable of more accurate 
measurement than 0.1%. It was of the rotating analyser variety 
and used at a Nasmyth focus. As such, large instrumental 
polarisations were produced, varying from 2.3% in the blue to 
4.6% in the red, and these were only determined at the 0.1% 
level. Subtraction of such large and ill- determined values 
will significantly increase the quoted errors in the results, 
as indeed the figure ÿ1 suggests. In a later study on Saturn 
(BUGAENKO and GALKIN, 1973) a polarisation compensator is used. 
This was a small mirror inserted to turn the beam of light from 
the telescope by 90 degrees, hence cancelling any polarisation 
introduced by the 90 degree turn effected by the Nasmyth mirror. 
Having reduced its effect to 0.1 - 0.2% over the range 4500 - 
8000A(higher in the blue), the residual effect was presumably 
subtracted from the observations obtained. This study also 
used markedly better observational techniques and better guiding. 
Unfortunately as a consequence of the earlier study, the 7200 Á 
filter was not used. 
The phase dependence of the linear polarisation of Jupiter 
has been studied with the same polarimeter by MOROZENKO (1973). 
Here, the whole planet was observed with seven filters including 
two centred at 6200 Á and 7200 R. However, no variation across 
the methane bands could be studied with such sparse and widely 
spaced data. The scatter again is quite high, and is presumably 
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due to imperfections in the polarimeter, though for these 
observations it was being used at a Cassegrain focus. The rather 
large zenith distances (up to 70 °:) at which the planet was of 
necessity observed might also have contributed. The phase 
dependence found for the 5050 Á filter is shown as figure B2. 
The wavelength dependence of linear polarisation was 
extended into the infrared for both Jupiter and Saturn by KEMP 
et al (1978). Instrumental polarisation for the photoelastic 
modulator polarimeter used by this group was certainly below 
0.05 %. Other notable studies of the phase or wavelength 
dependence of Jupiter and Saturn are DOLLFUS (1961), GEHRELS 
et al (1969) and DOOSE (1973). 
In both Jupiter and Saturn, the linear polarisation does 
not disappear at zero phase angle, as expected. In Jupiter, the 
polarisation is about +0.4% at phase angle 0 °, and decreases 
with increasing phase. The polarisation drops with wavelength 
and becomes negative in the red at large (i.e. > 6 °!) phase 
angles. In Saturn, the polarisation is again small at small 
phase angles, but then increases with phase. As with Jupiter 
the linear polarisation decreases with wavelength, but does not 
become negative until ^.V4. 
Most of the papers referred to above have discussions and/or 
measurements of the dependence of polarisation across the planetary 
disc. The most comprehensive measurements however, are those of 
Hall and Riley, both on Jupiter (HALL and RILEY, 1968; HALL and 
RILEY, 1974a) and Saturn (HALL and RILEY, 1974b). Using a 
scanning polarimeter, diagrams such as the one reproduced here 
as figure :3 were obtained in the ultraviolet (UG1 filter, 3760 R) 
and in the visible (005 filter,5740 á). The polarimeter is 
described by HALL (1968). Scanning is performed by moving an 
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Figure B3: Spatial dependence of linear polarisation on the disc of Jupiter 
in the ultraviolet. HALL & RILEY (1968). 
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aperture smoothly with a linear cam, and gives good positional 
accuracy. The polarimeter consists simply of a Wollaston prism. 
Separate photomultipliers look at the two emerging beams and the 
measure of polarisation is derived from the ratio of the two 
signals. The whole polarimeter is rotated to measure position 
angle, and the scanning aperture stage can be rotated separately. 
Instrumental polarisation is found to be -0.3%. One can make 
three comments on the instrument. Firstly, the apertures are 
metallic, and can polarise light at their edges (SERKOWSKI, 1974). 
Secondly, since it is the aperture that moves rather than the 
image of the star, each point measured is seen through a different 
part of the Wollaston prism. Hence any inhomogeneities in the 
prism will affect the measured distribution of polarisation. 
Thirdly, there is no time modulating element. In all, observations 
made with this polarimeter should be dependable to 0.1 - 0.2%. 
This is perfectly adequate for observations in the ultraviolet 
(Figure -3). 
The pattern of polarisation on both planets is chiefly 
radial. At phase angles 
, 
0 °, a phase dependant component of 
polarisation is introduced, which is more important in the visual 
than in the ultraviolet. In both planets, the polarisation of 
the polar regions seems less phase dependant than the centre of 
the disc. On Saturn in the ultraviolet the polarisation at the 
limbs on the equator is about the same as at the poles, while in 
Jupiter it is only about half as much. Infrared scans of Jupiter 
(at 1.6e) show a tangential pattern (KEMP et al 1978). As the 
polarisation decreases with wavelength on this planet, this is 
perhaps not surprising. 
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Time variations in the polarisation of the light from these 
two Major planets have been remarked on by several of the authors 
mentioned above. It is clear that much of this is simply due to 
poor seeing and/or guiding (HALL and RILEY, 1974). See, for 
example, the two runs shown in figure ?1 which were nominally of 
the same area of the planet at near identical phases. However, 
since the axis of rotation of both planets is inclin-ed to the 
equator, variations might well be expected if latitudinal variations 
in cloud structure occur (as has been suggested for example by 
GEHRELS, 1969). Similarly polarisation variations might occur 
associated with the appearance and disappearance of specific 
surface features as the planets rotate. HALL and RILEY (1976) 
have looked for polarisational structure associated with discrete 
features on the disc of Jupiter, but have found no evidence for 
any such variation. The Great Red Spot in particular seemed not 
to affect the polarisational structure (HALL and RILEY, 1974a). 
The linear polarisation of the rings of Saturn has been 
studied by LYOT (1929), summarised in DOLLFUS (1961), KEMP and 
MURPHY (1973), HALL and RILEY (1974), KEMP et al (1978), and 
JOHNSON et al (1980). Dollfus interpreted his measurements of 
linear polarisation in terms of two components. The position 
angle of one of these was parallel to the scattering phase, 
while that of the other remained parallel or perpendicular to 
the radius vector. The latter component could change in a 
rapid and unpredictable manner. The polarisation associated 
with the scattering phase was thought to imply a mixture of 
solid particles of albedo similar to "dirty ice" with diameters 
of at least a few millimetres, and of smaller, darker grains 
which dominated the polarisation in the ultraviolet. The 
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polarisation component associated with the ring phase arose from 
illumination of the rings by reflected light from the planet. 
Multiple scattering between 'blocks' of particles could cause 
the variability of this component even to the extent of changing 
its sign. Kemp and collaborators do not see the ring phase 
component of polarisation. Measurements around opposition, where 
such a component would be most obvious, were used to put an upper 
limit on any ring phase associated polarisation at the ansae of 
0.1 %. 
The dependence of the circular polarisation of several 
regions of Jupiter with phase has been studied by KEMP et al. 
(1971a), KEMP et al (1971b) and MICHALSKY and STOKES (1970. As 
yet this seems only to have been done at red wavelengths 6100 - 
6800 R. Saturn has been studied in more detail by SWEDLUND et 
al (1972), who covered both the wavelength dependence (at phase 
angles 0. °6 and 6. °3) and the phase dependence at the poles of 
the planet. Circular polarisation is of opposite signs and 
roughly equal magnitude at the two poles of a planet. The 
polarisation also changes sign through opposition. These effects 
are termed the 'polar' and 'opposition' effects respectively. 
The wavelength dependence for Saturn is mainly independant of 
phase in the red, but the polarisation changes sign in the blue 
( 5000 Á). Such a change of sign has been predicted for 
Jupiter (KAWATA, 1978). In both planets, a sharp increase in 
the circular polarisation has been found at a specific phase 
angle - 7 °8 in Jupiter and 2 °7 in Saturn. The enhancement lasts 
for about Z° in phase ( MICHALSKY and STOKES, 1974). KEMP et al 
(1971b) studied Jupiter continuously for a five hour period and 
found no dependence of the circular polarisation on the rotation 
of Jupiter on its axis. 
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3 The Atmospheres of Jupiter and Saturn. 
This section describes the model for the atmospheres of 
Jupiter and Saturn that is generally accepted at present. The 
photometric and polarimetric basis for the model will be briefly 
reviewed. Most work on the atmospheres of the Outer planets 
has concentrated on Jupiter. Accordingly when details are 
quoted below, these will refer to Jupiter. Saturn is contrasted 
at the end of this section. 
The portion of the (Jovian) atmosphere available for 
photometric investigation is shown diagrammatically as figure 34. 
The major features of this model were put forward by LEWIS 
(1969a, b). Deep in the atmosphere (P '- 1 atm., T Al 210K), 
are clouds of water and of aoaeous NH2 and NH4SH. These clouds 
are effectively semi -infinite to visual and infrared photometry 
(COCHRAN and SLAVSKY, 1979 ). Above these clouds there is a 
layer of clear gas (20 - 30 km ?) before an upper cloud layer 
is reached (P iv i atm., T ti 145K. DANIELSON and TOMASKO, 1969). 
The clear gas layer may have a significant haze suspended in it. 
Such a haze, made up of solid NH4OH and NH4SH, is predicted by 
Lewis. The upper cloud layer is composed of ammonia crystals 
a few microns in diameter, which is optically thick at visual 
wavelengths (IC", 2 - 4) , but semi -transparent to the infrared. 
The ammonia clouds are identified with the bright white cloud 
layer observed on both planets, and would not have a sharply defined 
upper boundary. Ultraviolet observations suggest a further layer 
of particles high up in the atmosphere around the tropopause. 
(In a planetary atmosphere, as the distance from the planetary 
'surface' increases, temperatures decrease up to a certain point, 
1 fi S 
N\\N\\\\\N \ \ \ \ \ \ \\ ` \ . \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ 
\ \ \ \ \ \ \ \ \ \ \ \ \ \ \ N. \ 
\` \\ \` \\\\\\\\s 
W- - - - - .. . a 
Pressure 
'Axel dust' 50mb 














500 m b 
Clouds 1000mb 
Figure B4: General purpose Jovian atmosphere. Diagrammatic only. 
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then begin to increase again. This turning point is termed the 
tropopause and separates the lower troposphere from the strato- 
sphere). These particles are absorbing and could be dust (AXEL, 
1972) or a photodissociation product (STROBEL, 1973; PRIIvN, 
1974; SCATTERGOOD and OWEN, 1977) . 
Lewis started with a list of about 500 volatile compounds 
of the forty or so most abundant elements, assuming roughly 
cosmical abundances. He presumed that all the atmospheric 
constituents below the tropopause were in thermochemical equilibrium, 
and that no irreversible reactions were occuring. Starting at 
the base of his atmosphere (Toy 2000K) he computed the abundance 
of each compound in thermochemical equilibrium. Any compounds 
which exceeded their saturation vapour pressures were removed 
from the gas phase until the saturation pressures were reached. 
The temperature profile was then extrapolated upwards using the 
abundances and the latent heat of condensation of the condensing 
compounds. The parcel of gas at the lowest level was then 
moved up an appropriate increment in altitude leaving behind all 
condensed phases. These computations were repeated at the new 
level until the tropopause was reached. The detailed results 
of the model are of course dependant on the assumed atmospheric 
temperature profile (WEIDENSCHILLING and LEWIS, 1973). This 
model predicts the two cloud levels, and has been very useful 
in interpreting photometric data (DANIELSON and TOMASKO, 1969 ; 
HUNT and BERGSTRAHL, 1970. It answered in a natural way the 
dilemmas of different hydrogen and methane abundances being 
derived from strong and weak absorption lines, and from infrared 
and visual measurements. In the weak lines and in the infrared, 
we are sampling a much larger depth of the atmosphere. Spatially 
resolved measurements of Jupiter at,5r(KEAY et al 1973, WESTPHAL 
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et al 1974) show that most emission at these wavelengths comes 
from localised 'hot spots' strongly correlated with visually 
dark belts. Hence it is suggested that above these bands the 
upper cloud layer is absent (or mostly absent) and the colouring 
is that of the deeper layers below. Both organic and inorganic 
colourants for the cloud layers have been suggested (see SILL, 
1976). The absence of the cloud layer is supposed to be due to 
convection, belts (dark, latitudinal markings) being descending 
regions and zones (bright, latitudinal markings) ascending ones. 
Determinations of the ultraviolet albedo of Jupiter have 
lead to the suggestion of a very high absorbing aerosol layer. 
The planet should become brighter into the ultraviolet (because 
of Rayleigh scattering) but the opposite occurs. A thin layer 
of very small dust particles was suggested (AXEL, 1972) to darken 
the planet in the ultraviolet - particles now called 'Axel dust'. 
Later calculations (PRINN, 1974) showed that photodissociation 
of ammonia could produce a thin ('..O.2) layer of small 
hydrazine (NH2NH2) particles (r 1r) which fitted the 
observation rather well. Photodissociation products of methane 
have also been suggested (SCATTERGOOD and OWEN, 1977). 
Let us see how this model can be used to interpret the 
polarisation observations of Jupiter and, indeed, what extra 
information or constraint such observations provide. The 
features to interpret are an increasingly negative polarisation 
of the whole disc with increasing phase angle, the wavelength 
dependence and spatial dependences of the linear polarisation. 
MOROZHEIdKO and YANOVITSKII (1973) interpreted the linear 
polarisation data of MOROZHENKO (1973) using a model of an 
optically thin layer of gas above a cloud layer. The observations 
were normalised by subtracting the residual polarisation found 
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when phase angle was less than 0. °5. This component was attributed 
to the "optical inhomogeneity of the planetary disc ". If the 
cloud structure varies with latitude, and one pole is tilted 
towards the observer, it is feasible that the integrated linear 
polarisation of the planet would not fall to zero at zero phase 
angle. These authors used Mie scattering models and derived the 
radius of the aerosols to be ^. 0.21A and their refractive index 
to be 1.36. This they claimed was in full agreement with the 
ammonia cloud model, since ammonia has a refractive index of 
1.36 at around T = 200 °K. However this is the refractive index 
of liquid ammonia, while other authors have suggested that 
ammonia crystals form the clouds. The refractive index of solid 
ammonia, at its melting point (195 °K), is 1.42. Further, while 
liquid ammonia aerosols might be expected to be spherical 
(allowing Mie scattering calculations) there is no a priori reason 
to suppose that ammonia crystals would be. If temperature is 
such a critical parameter, we must consider at what level of the 
atmosphere the polarisation data is sampling. The calculations 
of Morozhenko and Yanovitskii are most strongly constrained by 
their ultraviolet and blue (A,4000 Á) data. This and the small 
particle size derived might suggest that it is very much the 
upper layers of the ammonia clouds that are being modelled - 
where temperatures would be expected to be considerably lower 
than 200 °K (say, 150 °K). COFFEEN and HANSEN (1974) point out 
that, in the Mie theory, the broad glory that gives rise to 
negative polarisation at small phase angles (as seen in Jupiter) 
persists for indices of refraction from 1.25 to 2.00. Hence the 
refractive index is not well determined from this property. 
189 
K - ATA and HANSEN (1975) compare linear polarisation phase 
and wavelength dependence data with models calculated using the 
more refined 'doubling and adding' method. They found that the 
derived cloud phase matrix is suggestive of non -spherical aerosols 
larger than the wavelength, (they studied wavelengths up to 8/). 
KAWATA and HANSEN (1976) calculate the circular polarisation of 
Jupiter implied by Morozhenko and Yanovitshii's aerosol particles 
and find it opposite in sign to the observed values. Solid 
ammonia particles of about 25% larger radius would fit the 
observed circular polarisation. The wavelength dependence of 
linear polarisation is partially attributable to the diminishing 
importance of Rayleigh scattering towards longer wavelengths. 
The fractional importance of the Rayleigh component in the 
scattering process can determine the sign of the circular 
polarisation produced (KAWATA and HANSEN, 1976). (We are dealing 
with at least second -order scattering when considering the origin 
of circularly polarised light. The first scattering produces 
linearly polarised light, which then illuminates other aerosols. 
Total internal reflection within these secondary aerosols introduces 
a phase difference between orthogonal modes of polarisation, and 
hence circular polarisation is produced from linear. The first 
scattering may be in the gas or by another aerosol, and in fact 
under identical scattering geometries, these give opposite signs 
of linear polarisation. Hence circular polarisation produced by 
a Rayleigh- aerosol scattering scheme is opposite in sign to that 
produced in an aerosol -aerosol scattering event.) 
The spatial dependence of the linear polarisation can, in 
general terms, be explained by the same sorts of mechanisms as 
those above. GEHRELS (1969), interpreting his linear polarisation 
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data for the poles and limbs of Jupiter (GEHRELS et al 1969), 
suggested that the clouds are a lot lower over the poles than over 
the equator (as of course had Lyot before him). However, photographs 
in the 8890 Á methane band (OWEN, 1969.;7CUNTAIP and LARSON, 1973), 
show bright areas over the poles. It is tempting to associate 
these high atmosphere scatterers (the methane band is very strong) 
with the linear polarisation of the polar regions, which is about 
twice as strong as at the limbs on the equator. There could be 
a number of reasons why the latitudinal variation occurs. LEWIS 
(1969a) pointed out that the adiabatic lapse rate is dependant 
on g - the gravitational acceleration - and would hence lead to 
latitudinal variations. At high latitudes, g will be larger, and 
this would give a steeper temperature gradient in the atmosphere 
and hence thinner clouds. BUSSE (1976) has suggested that large 
scale convection is responsible for the visible bands and zones 
on the planet, and that this ceases at latitudes ) 45 °. Without 
convection the cloud level would be less disturbed and hence 
lower. 
The structure of the atmosphere on Saturn is presumed to be 
rather similar to that of its larger neighboir. However on this 
planet the clouds appear to be relatively more extensive, though 
of the same composition. Ammonia is just detectable spectroscopically 
on Saturn, the equivalent width of the ammonia lines at 6450 2 
being a factor of between 3 - 15 smaller than that for Jupiter 
(WOODMAN et al, 1977; SMITH et al 1980). Our best estimate of 
its abundance comesfrom the spectral distribution of the brightness 
temperature of the planet in the microwave regions (KUZMIP et al 
1972). A fractional abundance of about 3 - 5 x 10 -5 is derived 
for ammonia in the undercloud atmosphere of Saturn. Infra -red 
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measurements at 51i give another contrast with Jupiter. On Saturn 
there are none of the 'hot spots' found on Jupiter (LOW and 
DAVIDSON, 1969; WESTPHAL, 1971). Hence the upper cloud layers 
must be thick enough to be opaque at 5,4 wavelengths and we do 
not see the water clouds on Saturn. The decrease of albedo 
into the ultraviolet is present in Saturn as in Jupiter and so 
a high layer of small absorbing aerosols is also required in the 
atmosphere of Saturn (BUGAENKO, 1972; PODOLAK and DANIELSON, 
1971). The colours apparent on the disc of Saturn are not as 
striking as those of Jupiter. Saturn appears with cream or 
yellow colourings which could be due to sulphurous compounds 
brought up by convection from deeper clouds. There also appear 
to be latitudinal variations of cloud heights on Saturn. The 
region around the equator (- 30 °) appears to be optically 
distinct (TEIFEL', 1974). The polar regions are also more 
restricted on Saturn, possibly because of the smaller metallic 
hydrogen core in this planet (BUSSE, 1976). 
As described in the previous section, the state of 
polarisation of the reflected light from Saturn is somewhat 
different to that of the light from Jupiter. Linear polarisation 
increases with phase for Saturn and the circular polarisation is 
also of a different sign. COFFEEN and HANSEN (1974), fitting 
Lyot's visual polarisation measurements, concluded that aerosol 
particles of diameter 1.5 to 3,M and of refractive index n = 1.3 to 
1.5 were present. KAWATA (1978) using just the wavelength dependence 
of the sign of both linear and circular polarisation derived an 
aerosol diameter of about 3pfor a refractive index of 1.44, or 
lower and upper limits of 4 and 10L respectively when n = 1.6. 
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These results show that the aerosols present in the Saturnian 
atmosphere are somewhat larger than those on Jupiter, at least 
in the part of the atmosphere probed by polarimetry. Of course, 
all these calculations have assumed spherical particles and may 
not therefore be accurate. The greater density and extent of the 
ammonia clouds may also lead to a larger or smaller contribution 
by molecular scattering on Saturn, depending on how diffuse the 
upper levels of the cloud are. Depending on the fractional 
importance of Rayleigh scattering in the atmosphere, the circular 
polarisation at small phase angles can be positive or negative 
(KAWATA and HANSEN, 1976). 
Recently, data from spaceprobes have started to become 
available. The Pioneer and Voyager satellites have allowed 
study of both the Jovian and Saturnian atmospheres at large 
phase angles and high spatial resolution. Pioneers 10 and 11 
carried two -colour photopolarimeters while Voyagers 1 and 2 
could study polarisation in eight wavelength bands from 2350 
to ?500 Á (LILLIE et al, 1977). 
Reduction of Pioneer images of Jupiter has been carried 
out by Tomasko and his collaborators (cg, TOMASKO et al 1978; 
STOLL and TOMASKO, 1980). At large phase angles (up to 150 °) 
the information given by these measurements relates mainly to 
the highest levels of the atmosphere. The lack of contrast 
between belts and zones at high phase angles confirms the 
necessity for a population of aerosols high in the atmosphere. 
Such aerosols had been suggested by ultraviolet limb darkening 
measurements. STOLL and TOMASKO (1980), suggest a scattering 
haze of optical depth around 0.13 (at 44OC R) at the 200mbar 
level. The aerosols of this haze would, if spherical, have 
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diameters of 'r 3µ and a refractive index close to 1.5. They would 
be strongly forward scattering and of high albedo, but would only 
be weakly backscattering. The upper (ammonia) cloud would have 
an optical depth greater than 2 and be situated at the 500 mbar 
level. These particles are larger than the haze aerosols, and 
are also moderately efficient backscatters. West has used a 
similar model to interpret spatial resolved photometry within 
strong methane bands and in the nearby continuum, (WEST, 1979a; 
WEST, 1979b; WEST and TOMASKO, 1980). However he finds it necessary 
to use a backscattering aerosol for the high level haze over the 
polar regions to give the bright 'hoods' over the poles seen in 
photographs taken through a filter isolating the 8890 Á methane 
band. The connection between the high 'shiny' aerosol haze and 
the strongly absorbing 'Axel' dust at similar heights is not clear. 
Imaging at 2400 Á with the photopolarimeter on Voyager 2 (HORD et 
al, 1979) particles be top 
of the atmosphere (say, at 40 mbar) over the poles. 
On Saturn, the contrast between the zones and belts persists 
to large phase angles, unlike the situation seen on Jupiter 
(TOMASKO et al, 1980). Hence there is no requirement to postulate 
a concentration of aerosols high in the atmosphere and distinct 
from the ammonia cloud. In Saturn, optical depth ¿ = 1 in the 
cloud corresponds to 750 mbar level and is lower than on Jupiter 
because of the lower temperature. 
The polarisation recorded by the photopolarimeters is 
dominated by Rayleigh scattering. As a first approximation, a 
model of Rayleigh scattering above a Lambertian reflector is 
moderately successful in explaining the general dependence on 
latitude, with the detailed structure being interpreted as 
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variations in the height of the cloud -tops (BAKER et al, 1975; 
GEHRELS, 1976). This statement implies of course that such 
measurements give 'little information on the deeper levels. In 
order to probe these regions we shall need absorption band studies 
and infrared measurements. The Voyager photopolarimeters contain 
filters centred at 7270 R and 7500 R and, although of low 
accuracy (- 0.5 %), polarisation measurements with these filters 
will be most interesting. Voyager also carries an infrared 
spectrometer - IRIS. 
A good review of planetary polarimetry is given by COFFEEN 
and HANSEN (1974). Very full information on the atmosphere of 
Jupiter is given in another textbook by Gehrel, 'Jupiter', 
especially the articles by TOMASKO (1976), TEIFEL' (1976), SILL 
(1976), PRINK and OWEN (1976) and RIDGWAY et al (1976). Recent 
discussions of the atmosphere of Saturn include TEIFEL' (1974) 
and MACY (1977). TOMASKO et al (1978), TOMASKO (1976) and 
GEHRELS (1976) discuss Pioneer results. Preliminary results 
from the Voyager spacecraft can be found in SMITH et al (1979a) 
and SMITH et al (1979b). 
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4. The case for spectropolarimetry of the Major planets. 
The discussion of the literature on the polarisation of 
Jupiter and Saturn (in section 2) makes the point that no accurate 
study has been done on either planet to seek polarisational 
effects within spectral lines or bands. One reason to do so 
immediately suggests itself. When we look at a planet in the 
wavelength of a strong absorption band, we are looking at the 
topmost levels of its atmosphere, while in weaker bands we are 
looking at intermediate levels. Hence in defining the dependence 
of polarisation within spectral lines, we are studying the 
vertical structure of the atmosphere. FYMAT (1974) has made 
detailed predictions of the polarisation profiles of spectral 
lines expected in planetary atmospheres using both Rayleigh and 
Mie scattering models. He finds that polarisation always arises 
in spectral lines formed in a scattering atmosphere. The 
polarisation increases with the strength of the line up to a 
certain point and then decreases again as saturation is 
approached. Polarisation reversals are predicted during scans 
along the meridian and possibly also along the equator. (By 
polarisation reversal, we mean that the polarisation in the line 
changes sign, ie its position angle rotates through 900.) However, 
the polarisation is always positive for weak bands. Spectropolarimetryy 
of Venus was attempted in the region 1.6r- 1.7r with a Fourier 
Interferometer Polarimeter (FORBES and FYMAT, 1974). Polarisation 
effects were observed, though these were not convincing, and were 
not interpreted. BURIEZ et al (1979) made calculations of the 
information that could be derived from the equivalent widths of 
the polarisational profiles of lines. They did this by generalising 
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the curve of growth procedure for all four Stokes parameters. From 
this technique can be derived the atmospheric levels at which the 
polarisation arises. This is done by determining the rotational 
temperatures from the polarisation equivalent widths for several 
lines. The ratio of the scale height of a compound gas (cg methane) 
to that of the cloud particles can be found, and hence the ratio 
of the scale heights of different gasses. Finally, if spatially 
resolved spectropolarimetry is possible, the different angles of 
incidence will allow investigation of yet higher levels of the 
atmosphere, as would studying the phase dependence of any effect. 
Broadly speaking, visible and ultraviolet photometry and 
polarimetry give information on the part of the atmosphere in 
the region 0.05 < f7 0.5 bar, while infrared data are useful in 
the range 0.5 . P < 4 bar. Absorption band studies cover the 
interval 0.1 < P . 3 bar. Such studies, sounding levels at the 
top of and within the upper ammonia cloud, are complementary to 
polarisation measures taken at large phase angles from spacecraft, 
as the latter are most useful for deriving information on the gas 
above the cloud. 
We therefore conclude that spectropolarimetry of absorption 
bands can give information on a part of the planetary atmosphere 
not well covered by other techniques. It is considered that the 
case for spatially resolved spectropolarimetry is made. However, 
as with all novel fields, the effect has to be shown to be 
detectable before a detailed program is attempted. This is 
done in the following sections and is the major result of this 
section of the Thesis. 
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5(a) Measurements of the polarisation of Jupiter 
In this section the new observations of Jupiter are described. 
After the various tables and figures are presented, a commentary 
is given, identifying notable features in the polarisation. These 
features will be the subject of the discussion and interpretation 
sections to follow. 
Measurements of the whole disc of Jupiter were obtained with 
the ROE Spectropolarimeter in 1978 January at the Mount Lemmon 
Observatory in Arizona and in 1980 April at the Mauna Kea Observatory 
in Hawaii. Observing logs are presented as Tables -1. an'. -'. 
The observed spectrum of Jupiter in the interval 6700 - 
8500 R is shown in figure:. The 6190 Á and 7250 á methane 
bands are shown in more detail in figures B12 and B6 respectively. 
The 6450 X ammonia band is shown in figure B13. The linear 
polarisation measurements given in Table B2 , and the circular 
polarisation measurements in Table L3, were collected in January 
1978. These measurements of linear and circular polarisation 
are displayed, day -by -day as figures B? (linear polarisation), 
B8 (position angle), and B^ circular polarisation). The complete 
set of observations is shown in figure B1o. The linear and 
circular polarisation measurements collected in April 1980 are 
tabulated. in Tables B: and B: , and displayed in figures B11 
(7250 Á methane band), B12 (6190 Á methane band) and B13 
(6450 R ammonia band). 
The accuracy of the quoted wavelength depended on how well 
the planet could be set in the centre of a large aperture and is 
about ± 5 R. The effective resolution of these observations 
was determined by the (intensity- weighted) size of the planetary 
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Figure B6: The 7250 Á methane band: the observed profile on Jupiter (1978). 
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and 40 Á for the April 1980 results. 
The exit slit of the spectrometer was used to limit the 
photon arrival rate at the photomultiplier, but did not define 
the resolution. The width of the exit slit in the Observing 
Log is given in terms of the resolution (in an gstroms) that it 
would imply on a point source. The position angles for linear 
polarisation are reduced to the normal to the scattering plane. 
This is done by first of all correcting the instrumental position 
angle to the equatorial system, using stars with known inter- 
stellar polarisation. ) A uri7ae(A = 177.4) was used for 
the January 1978 results, and 5 Ophiuchi (A = 126.00) for en 
those of April 1980. Then the angles were rotated such that 
a position angle of 00 would imply linear polarisation perpendicular 
to the scattering plane, using the position angle of the defect 
of illumination linearly interpolated from the Ephemeris and 
given in the Observing Log. 
The spectrum of Jupiter shown as figure P`, clearly shows 
the principal bands present in the Jovian atmosphere. The bands 
of methane at 7000, 7250 and 7600/8200 Á are apparent, as is the 
7920 band of ammonia. The cut -off in the blue is caused by the 
6600 R order sorter filter used. The peak in the flux recorded 
around 8200 Á demonstrates how difficult it is to draw in a 
continuum level on spectra at these wavelengths. The scan of 
the ammonia band at 6450 Á (figure 1313) shows how the finite 
planetary disc has degraded the resolution. This scan is to be 
compared with those of LUTZ and OWEN (1980). 
The observations of the linear polarisation show a rise 
in measured polarisation across the methane band at 7250 Á 
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Figure B7: Linear polarisation of Jupiter (1978). The 
degree of polarisation 
on each of four nights in 1978. Symbols 
distinguish different runs 
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Figure B9: Circular polarisation of Jupiter (1978). Symbols distinguish 
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Figure B10: Linear and circular polarisation of Jupiter in January 1978. 
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very low (0.01 %) in the continuum before 7000 R. then rises to a 
peak of 0.14% at 7250 X, to fall to around 0.04» at 7400 Á. The 
polarisation rises rapidly at wavelengths longer than 7750 Y. to 
0.15 - 0.18% around 8000 R - though errors are large here. 
The overall picture is of a 'feature' (possibly more than 
one) superimposed on a continuum polarisation slowly rising 
into the red. The peak at 7250 Á seems to show some structure. 
The peak defined from the first two night's observation is 
perhaps 0.02 to 0.03% lower than that from the last two nights. 
There may be a 0.03% drop in polarisation in the very centre of 
the band. A shoulder may be present at 7000 - 7100 R. The 
April 1980 measurements confirm the enhancement of polarisation 
over the 7250 band. The continuum polarisation is about 0.3% 
rising to 0.5% at the centre of the band. 
The continuum polarisation is, in the terminology of 
planetary polarimetry, negative (i.e. with position angle parallel 
to the scattering plane) and the enhancement in polarisation 
across the band is hence a large negative one. The position 
angle of the polarisation shows much less structure. In the 
January 1978 data, there is the suggestion of a slight increase 
in the redmost measurements, centred around 7950 Á. While the 
effect is about 200 in size, the errors are correspondingly large 
(5° - 
10o). 
The data of January 25/26 show a slight dispersion shape 
centred on the methane band at 7250, possibly confirmed by the 
January 24/25 points. Again, the size of the effect (10 °) is 
small compared to the error obtained (3° - 40). 
Observations, in April 1930, of linear polarisation across 
the 6450 Á band of ammonia show no enhancement of the polarisation 
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Figure B11: Linear polarisation of Jupiter, 1980. Degree of polarisation shown 
with inverted intensity profile of the 7250 Á methane band, scaled 
to the polarisation measurements. Position angles are measured from 
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Figure B12: Circular polarisation of Jupiter, 1980. An intensity profile of 
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Figure B13: Measurements across the 6450 X ammonia band in 1980. Position 
angle of linear polarisation measured from the normal to the 
scattering plane. 
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In 1990 May, two scans of linear polarisation_ across the 
6190 R methane band failed to agree in the magnitude of the 
measured polarisation, though the position angles were consistent. 
These runs are presumed to have been affected by the sky background 
(wh_j.ch was not measured) and have been discarded. However neither 
scan showed enhancement of polarisation across the methane band, 
and certainly no effect greater than 0.04; was observed. 
The circular polarisation measures across the 7250 R band, 
for January 1979, appear at first to be somewhat confused, while 
measurements longward of 7700 ° rise monotonically. However, if 
the separate runs are normalised together, a different picture. 
emerges. If the second run on each of the two nights is increased 
by 0.01 , and the results plotted, a tightly defined dispersion 
curve appears (figure B14). The two deviant points occur at about 
the same wavelength equally above (7365 R) and below (7375 ..) the 
curve. No significant structure appears in circular polarisation 
measurement across the 6190 Á methane band, although errors are a 
little higher. 
5(b) Discussion of the data presented 
Before any interpretation of the data can be attempted, 
some discussion of the instrumental effects that might possibly 
affect the data must be entered into. There are three effects 
discussed here: (i) the effect that a large planetary disc has 
on the operation of the spectrometer; (ii) whether the errors 
presented are realistic; and (iii) the ability of the polarimeter 
to measure polarisations at wavelengths in excess of 7500 R. 
(i) At several points in this Thesis (but especially in 






Figure B14: Normalised degree of circular polarisation of Jupiter (1978), 
q( ) - q(7200 Á). Open circles and crosses refer to the first 
and second runs on January 22/23, and filled circles and plus signs 
to the first and second runs on January 25/26. 
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aperture of the spectrometer has been commented on. The effect is 
clearly important for Jupiter, which subtended some 40" - 45" at 
the time of the observations in 1978. This implies that light 
'rom one limb of Jupiter of a certain wavelength, A , would mix 
at the exit slit with light from the other limb of wavelength 
(4r d>,), where b\ would depend on the platescale of the telescope, 
and the apparent diameter of the Jovian disc. pa was close to 
100 R for the observations made at Mt Lemmon Observatory. On 
Jupiter, the highest polarisations are seen at the edges of the 
disc, both in the visual (:.ALL and RILEY, 1968) and the infrared 
(Ir P et al 1978) . 
The pattern of polarisation on the disc is radial at visual 
wavelengths, becoming tangential in the infrared (IMP et al, 1978). 
Polarisation is stronger at the poles than at the east and west 
limbs and when we look at the whole planet the relatively large 
local polarisations almost cancel out. As the polarisation of 
the poles (or one pole) determines the overall value for the 
integrated disc at zero phase angle, the observed negative 
polarisation at these wavelengths implies a tangential pattern 
on the disc. 
Consider now what will happen as we scan across the band. 
The contribution in intensity from the West limb declines before 
that for other parts of the planet, and hence the contribution 
from the two poles dominates the integrated polarisation of the 
planet, and an increasingly negative polarisation results. At the 
centre of the band, the polarised intensity from the poles would be 
diminished more than that from the two limbs, and the polarisation 
would turn positive. Towards the red wing of the band, the polarisation 
would again turn positive before returning to a continuum level. Some 
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simple modelling was carried out using the intensity profile of the 
7250 Á band observed in April 1930. Four profiles were added 
together corresponding to the two poles and both limbs. The poles 
were given a positive polarisation and the limbs a slightly 
larger negative one. The profiles for the East and West limbs were 
` 0 
0.9 
7100 1200 7900 1400 
woveiengi'1, () 
Diagram rlFossible profile across the methane band. p (Pole) = 1%, 
1r00 
p (Limb) = 1.1 %. Full line is polarisation; dotted line, intensity. 
displaced by 1-50 Á respectively before adding. The resulting 
intensity and polarisation scans are shown as diagram Bi. The 
enhancement in polarisation at the band centre is large, but the 
effect in the wings less obvious than might be expected. Note that 
the polarisation profile is hence much narrower than the intensity 
profile. A position angle variation would only occur if a non - 
radial component in the polarisation was also present - which is 
indeed usually the case. Qualitatively such a variation would 
look similar to that for the magnitude of the polarisation, since 
both mirror the intensity profile. Could this instrumental effect 
be the cause of the observed polarisation enhancement? Since the 
observed polarisation profile is a little wider rather than 
narrower than the intensity profile, and there appears to be no 
variation in position angle of the expected form, it would appear 
not. Further, since the results of April 1980 were taken on a 
telescope with a larger p.latescale, this effect should be less 
important in these measurements than in those for the January 
1978. In fact, in absolute terms, the polarisation increase 
across the band was higher. The instrumental effect described 
here while of necessity present in the observations, seems to 
be dominated by intrinsic effects in the methane band. Unfortunately, 
the presence of this component makes any quantitative analysis of 
the whole planet data very difficult, and measurements with a 
small aperture (or possibly a vertical slit) are essential. 
(ii) As discussed in section A? , on a couple of 
occasions when calibration polarisations from different runs 
were compared for nominally identical conditions, differences of 
many times the calculated errors were found. This effect might 
change polarisation measures by a few percent of the polarisation, 
but not more except for far red wavelengths. Since calibration 
values are low in the far red, a change in the calibration 
polarisation of a few percent is more important. Errors might 
arise of up to 6 - 8% of the measured polarisation at wavelengths 
around 8000 Á. Hence the change in the height of the peak in 
polarisation at 7250 R is unlikely to have been caused by this 
instrumental effect. 
(iii) In the section on the analyser (section A2.4) graphs 
of calibration polarisations were presented. The measures were 
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obtained on Jupiter. As the present waveplates produce a. reduced 
birefringence at these wavelengths, and there is evidence that the 
analyser may well be becoming seriously birefringent, any measure- 
ment taken at a wavelength greater than 7700 F. must be treated 
with suspicion. 
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6(a) Measurements of the polarisation of Saturn 
In this section the new observations of Saturn are described. 
As in the previous section this is then followed by a commentary 
describing the principal features. 
Measurements of Saturn using an aperture large enough to 
accept the rings as well as the whole disk were made in May 1978 
and in January /February 1979. Various telescopes of the University 
of Arizona were used at Tucson., Arizona. The observing logs for 
the two sessions are given here as tables p and B'2. An 
explanation of the abbreviations used follows as table T. In 
May 1978 the dependence of linear and circular polarisation was 
followed across the methane band at 7250 angstroms. In the 1979 
run, two methane bands were studied, the 7250 Á band again and 
also the 6190 Ri band. The broadband wavelength dependence of 
the circular polarisation was also obtained, from 3500 to 7000 
angstroms. Further data were obtained on the 24" telescope of 
the University of Hawaii in May 1980, over the 7250 R band. 
(Table 219 ) 
A composite spectrum of the planet and rings from the 
University of Arizona runs is given as figure T'1S. The 7250 Á 
band is shown in more detail _in figure B16 and the 6190 R banc 
in figure 217. As in the presented spectra of Jupiter, figures 
B5, 6 etc, the plots are not corrected for instrumental efficiency 
or atmospheric transmission, nor is the intensity scale intended 
to relate to any continuum level. The accuracy of the wavelength 
scale should be comparable to that for Jupiter i . } 5 A. The 
comments on the effective resolution of the data given in section 
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Figure B18: The s ectrum of Saturn's rings in the region of the methane band at 
7250 A. 
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The linear polarisation measurements obtained in 1978 May 
are presented as table B. This data has been smoothed to 
produce the data of table B10. These tables are shown graphically 
as figures B19 and 20.Ás the raw data follows the smoothed data 
well, the former are not illustrated. The method of smoothing 
used is intended to be helpful to the eye in picking out details. 
It is a running mean of four points, weighted according the 
errors of the four points. The wavelength assigned to this mean 
is the simple mean of the four wavelengths contributing to the 
weighted mean. This procedure is justified as the resolution 
of each point is the same. The resulting graphs however have 
different effective resolutions depending on the spacing of 
the original data. This is made clear on the graphs by the 
uneven spacing in wavelength of the weighted means. The position 
angles have been corrected as described for Jupiter. First of 
all, position angles are converted from the instrumental system 
to the equatorial system using observations of interstellar 
polarisation standards. jj Ophiuchi (assumed position angle 
= 1260.0) iras used for the 1978 May and 1980 nay data and X( 
Aurigae (assumed position angle = 1775-) for the 1979 run. 
The applied correction was redetermined for each telescope. 
(These values for the interstellar polarisation standards 
come from SERKOWSKI et al (1975)). Then using the tabulated 
values of the position angle of the defect of illumination, the 
angles were corrected to the normal of the scattering plane. 
The linear polarisation measures for 1979 January /February 
are presented as tables B13 and B11. Observations taken on 
11/12 February required correction for Sky background. The 
corrected values are shown as table B15. Measurements obtained 
in 1980 May are displayed in table P90 and plotted in figures 
B21 and B',7. 
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Figure B19: Linear polarisation of Saturn (1978). The points plotted here are 
weighted running means of four measurements. 
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Figure B20: Linear polarisation of Saturn (1978). The position angles plotted 

























































































































































































































































Saturn (planet + rings) 
Apr May 1980 
7000 7200 7400 
0 
Wavelength (A ) 
r. 
Figure B22: Linear and circular polarisation of Saturn (1980). The position angles 
of the linear polarisation points plotted in figure B21 are shown, 
corrected to the normal to the scattering plane. Circular polarisation 
measurements are also shown. 
The circular polarisation measurements across the methane 
bands are given as tables 311 (197 1 :a;) 314 and 3.17 (1979 
January /February, and 7321 (1930 May). The 1978 May data is 
shown in graphical form as figure B23.. The measures over the 
6190 Á band (1979 January /February) are shown as figure B2' 
The circular measures across the 7250 R band are shown as 
figures 325 and B76. These are for comparison with the 1978 
May data (see on). 1980 measurements are tabulated in table 
F. 71 
The wavelength dependence of the circular polarisation 
of Saturn (January /February 1979) is shown as figure B27 and 
tabulated in table 813. The corresponding data for 1980, 
May is shown in table B 22. 
The presented spectrum of the planet clearly shows the 
methane bands at 6190, 7050 and 7260 angstroms. Many of the 
small depressions between 6190 á and 7050 Á are also attributable 
to methane. A small dip near 6470 R could be an ammonia band 
(6450 Q). This band is very weak in Saturn and has only 
recently been confirmed (ENGRENAZ et al, 1974) . The central 
depth of the 6190 R band is about 0.15 although the continuum 
level is hard to define. Scans of the 7250 obtained in 1979 
show noticeable differences when compared to those of 1978. 
The central depth, which lies in the region of 0.50 to 0.55, 
is at least 5¡ deeper. The spectrum of the rings is featureless 
in the region 7100 - 7400 angstroms (figure 3318). The apparent 
structure is probably just photon noise. The spectrum was 
obtained by centring a small aperture on one of the ansae of 
the rings. The lack of any depression at 7250 R suggests that 
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Figure B24: Circular polarisation measurements across the 6190 Á methane band of 
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Figure B25: Circular polarisation measurements across the 7250 X methane band of 
Saturn (1979). Measurements taken on the night 9/10 February. 
-) nn 
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Figure B26: Circular polarisation measurements across the 7250 methane band of 
Saturn (1979). Measurements taken on the night 11/12 February. 
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spectrum of the rings. 
The smoothed curves of the linear polarisation for 1978 May 
show very apparent variations across the methane band at 7250 Á 
(figures Bin and 120). The level of polarisation closely 
mimicks the intensity spectrum (figure 316). The dip is nearly 
0.1% in polarisation deep, or roughly 50% of the continuum. 
The original data from which the smoothed curves were derived 
show the same curve but with error bars about twice the size 
of those shown here. The position angle curve showed a little 
more variation from night to night. The smoothed data shows an 
increase in the position angle by about 10° on the blue wing of 
the band, and then a dramatic downward swing of some 25° on 
the red wing. The position angle appears to cross through the 
continuum value at approximately the band centre. On one 
night (3rd May) a simple decrease (of around 15 °) was seen 
across the band. The polarisation is positive (position angles 
near 180 °) but there is also a fairly large amount of information 
in the other Stokes parameter. 
The linear polarisation curves from 1979 January / February 
are rather different. Little structure corresponding to the 
band shape is seen in either of the methane bands. Correcting 
for a polarised Sky background produces little difference in 
the curves, and no further structure emerges. The behaviour 
of the position angles from night to night is most curious. 
On February 9/10, the position angle was ".110° around the 
6190 R band and very similar (possibly a few degrees less) 
around the 7250 R band. Two nights later, on a different 
telescope, the position angle had increased by 35° at 6190 á 











































































































































































































7250 band had dropped back by 15° to 135p . When corrections 
for Sky background were applied for the night February 11/12 - 
the full moon - the position angles only changed by 3 to 4 
degrees. 
For reasons discussed in Section 6(b), all but the Sky - 
corrected data of the 1979 run were discarded. The remaining 
measurements show no structure across the 6190 Á methane band, 
while there are not enough points to decide for the 7250 Á. 
The position angle of the polarisation appears to rotate by 
about 15° between 6100 R and 6260 Á, though this effect does 
not seem to be related to the methane band. 
In 1980 May, there appeared to be a strong enhancement 
of linear polarisation across the 7250 Á methane band (figure 
B21). The polarisation rose from a continuum level of about 
0.3% to nearly 0.5% in the band centre. The position angles 
showed the polarisation to be positive, but revealed no structure 
across this band (figure B22). 
The circular polarisation of Saturn and its rings in the 
region 7000 Á to 7500 Á was very low in 1978 May. The curve as 
defined is smooth and rising gradually into the red. A possible 
feature is shown at the centre of the methane band. While this 
is only one point, other points near it seem to confirm it. 
Scans across this band in 1979 January /February also show discordant 
points around the centre of the band (figures B25 and B26) . The 
mean level of polarisation is much higher in the 1979 runs. 
Observations across the 6190 Á band in 1979 show no significant 
structure (figure B24). In 1980, no feature is seen in the 
7250 R band (figure B22). 
The 'continuum' circular polarisation of Saturn, obtained 
in January /February 1979, shows a roughly wavelength independant 
value of - 0.02% from 3500 ?. to 5800 Á. The polarisation then 
begins to rise rapidly, reaching - 0.05% by 6500 Á and - 0.10% 
by 7000 R (figure B ??). The observations in the methane bands 
0 
at 6190 A and 7250 R fit in well with the general curve displayed 
in figure 'ET'. The continuum level has reached about - 0.15% 
by 7250 Á. 
In 1980 the mean level of circular polarisation in the 
red was again low ( N 0.01%) possibly beginning to rise at 
7800 Á. 
6(b) Discussion of the data presented 
The instrumental effects discussed in Section 5(b) on 
Jupiter are also important here. The finite size of the planetary 
disc should be of less consequence for Saturn. However, the 
effective resolution this imposes on the observations should be 
borne in mind when studying graphs claiming to show very sharp 
features. 
The circular polarisation of Saturn found in 1979 January/ 
February was very large, and growing very rapidly into the 
red. The constancy of the degree of polarisation from 3500 Á 
to 5800 Á might suggest that this represented an instrumental 
polarisation. It will be seen in other parts of this thesis 
that our instrumental polarisation for circular is certainly 
below this, though we have no other instrumental polarisation 
measures of sufficient accuracy for this particular observing run 
to abolish the suggestion completly. The important feature 
'fl4 
is the polarisation at longer wavelengths. 'ITotice that measurements 
of circular polarisation taken throughout the run are reasonably 
consistant on the level of circular polarisation in the red (i.e. 
across the methane bands) and so we can rule out any effect of 
scattered moonlight. ;'e have measures of the circular polarisation 
of Capella at 7860 angstroms obtained on this observing run. 
'1híle the errors in the measurements are quite large, their level 
(at around - 0.04 0.02;) is much lower than the polarisation 
found on Saturn. The linear polarisation of the planet is quite 
small and any linear -to- circular conversion could not produce such 
a high degree of circular polarisation. In summary, while we 
cannot completely rule out an instrumental origin for the rise 
in the degree of circular polarisation of the reflected light 
from Saturn in the red, the evidence that is available argues 
against such an explanation. 
Both graphs of position angles from the 1979 January/ 
February run show large night -to -night variations. Two different 
telescopes were used to obtain this data, and it happens that the 
correction applied to the position angles between the telescopes 
was exactly 30 °. This is determined by the different geometry 
of the bolt holes used to secure the instrument to the two 
telescopes. The sense of the correction was to separate the 
instrumental position angles which were around 80° to 90 °. The 
data for observations around 6100 R would be nearly consistent 
if the correction were NOT applied. At 7250 too, the various 
nights would be in better agreement. This coincidence is 
disturbing. If one of the two waveplates used in the measurement 
were tilted, or in some other way defective, the decree of 
polarisation would also be affected. In fact these are consistent 
to better than 10;x. No other observations taken on this run show 
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a preference for this position angle or any variability. Two 
possibilities remain. Firstly that the finite size of the 
planetary disc is somehow affecting the measurement. Secondly, 
that sky corrections were necessary for the nights February 9/10 
and 12/13. A couple of field dependant effects arising in the 
modulator have been discussed previously (Section A2.3). Neither 
telescope used here was fast enough to cause light to spill over 
the edge of the modulator. If the dependence of polarisation 
across the disk is also taken into account, the field variation 
in the retardance of the modulator could produce an effect very 
similar to that observed. However, the effect shown in larger 
than could be caused by the modulator. Field effects in the 
waveplates are more likely to be patchy rather than some systematic 
bias. The most marked field effect is that caused by the 
chromatic Fabry optics, and discussed previously (Section A2.6). 
The exact effect caused would be dependant upon the precise 
location of the planet in the aperture and upon the original 
lining up of the photocathode with the exit slit of the 
spectrometer. This lining up is redetermined whenever the 
instrument is set up on a different telescope. The size of any 
effect caused by this mechanism would be difficult to determine 
and, in any case, might well be expected to affect the degree of 
polarisation measured. In conclusion, field effects in the 
instrument cannot be ruled out, but it is difficult to see how 
a deviation of the size observed could be produced. 
No sky polarisation measurements were made near Saturn on 
the nights of February 9/10 and 12/13. Checks on the intensity 
of the sky background near other objects observed on these 
nights (e.g. Capella, Sirius) seemed to indicate that correction 
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was not necessary. However, the Moor was rather close to Saturn 
durin,7 . the period in question. The position angle of the polarised 
sky background on 11/12 February was around 5 °. This is about 65° 
from the direction of the arc joining the Moon and Saturn and roughly 
the angle to be expected (c.f. HA i !ANN and RASC} LE, 1974). If 
we conclude that the variations in position angle are due to 
scattered moonlight, the data for the nights 910 and 12/13 February 
must be discarded for the present purpose. A sky component large 
enough to cause 30° shifts in position angle must swamp the small 
effects we are seeking. The above explanation would imply that the 
rough agreement of position angle between the two telescopes was 
purely coincidental. There are two remaining problems. The degree 
of polarisation remains roughly constant and the actual correction 
for February 11/12 is quite small. In fact the scatter of points 
for the degree of polarisation could well hide a variation of the 
size required. Could the shy polarisation measurement be an under- 
estimate, affected by light from Saturn or by scattered light in 
the instrument? The measured polarisation was about 0.1. 
Reflections in the instrument would tend to raise the level of 
polarisation. nth the largest aperture in use, light passing 
through the edges of the aperture has not passed through the 
modulator. This would hence dilute the measured polarisation. 
However only about 3 of the light would not have passed through 
the modulator, and, at these wavelengths, would in any case be 
attenuated by the Fabry optics. Since the sky measure was 
taken sufficiently far from the planet to avoid light from 
Saturn, it seems the sky measurement was indeed valid, and that 
the date of February 11/12 stands. 
In conclusion, the most plausible instrumental cause of 
the night -to -night variation of position angle was the failure 
237 
to subtract sky -background. If this is accepted, linear 
polarisation data of 910 and 12/13 February must be discarded. 
Circular polarisation measurements would be to all intents and 
purposes unaffected by a linearly polarised sky background. The 
possibility that the polarisation of the planet had actually 
changed is dealt with later. 
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7. The Spatial averaging of polarisation across the planetary disc 
The degree of linear polarisation detected in the integrated 
discs of Jupiter and Saturn is relatively small compared with the 
large local polarisations seen at the poles and at the East and 
West limbs of the planet. The non -zero polarisation seen at 
zero phase angle is accounted for by the incomplete cancellation 
of the strong polarisation of the poles by that of the limbs. 
The stronger pole is the one inclined towards the observer. Now 
if the strength of the methane band decreases towards the limbs, 
then light at the centre of the band will come preferentially 
from the limbs. Since the light from the centre of the disc is 
relatively unpolarised, the detected linear polarisation will 
appear to rise within the band when we look at the whole planet. 
Before attributing the observed rise in polarisation across the 
7250 R methane band to the properties of the Jovian or Saturnian 
atmospheres, we must therefore show that spatial averaging over 
the planetary disc cannot account for the observed dependences 
of polarisation with wavelength. 
The strengths of the methane bands of Jupiter as measured 
by either their equivalent widths or central depths show little 
variation with position on the planetary disc. TEIFEL' (1976) 
summarises mainly photographic observations to conclude: 
(a) In the equatorial band of Jupiter, molecular absorption 
decreases in strength towards the limb by 10 -20%. 
(b) To the North and South of the equator, absorption in 
weak bands (e.g. methane at 7050 R, ammonia at 6450 Á) 
decreases with latitude; in the medium (e.g. methane at 
6190 R) and strong (e.g. methane at 7250 R.) bands 
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absorption increases in the latitude range 40 -60 °, 
but not more than 5 -73, sharply decreasing close to 
the poles. 
(c) Differences in absorption between the light and dark 
cloud bands of Jupiter, according to measurements by 
various authors, are contradictory in character, but 
they are most likely absent or occur at the level of 
the errors of measurement. 
(d) Time variations of absorption in the central region 
of the disc of Jupiter are noted by the majority of 
investigators. However, in the absence of systematic 
observations and control, it is impossible to determine 
exactly how much of the variation is real and how much 
can be attributed to methodological error. 
Recently, WEST (1979a) has presented new data on the absolute 
reflectivity of Jupiter in methane bands and in nearby continua, 
obtained with a CCD camera. These results do not appear to confirm 
the 10 -20¡ decline in the methane band strengths near the limbs. 
In passing we note a recent interesting paper that to some extent 
answers Teifel's point (d) (COCHRAN (P: COCHRAN, 1980). 
In the light of the above information, it does not seem 
likely that the proposed mechanism of spatial averaging will produce 
the observed effect. A simple calculation confirms this. We 
suppose the centre of the disc (out to 0.8 R) to be unpolarised and 
to have a methane band of constant strength, while the remaining 
area contributes the observed polarisation and has a methane band 
of central depth 20% less than that of the centre of the disc. 
Mean intensities for the two regions were then derived from the 
7500 R continuum scans of WEST (1979). Call the residual polarisation 
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of the outer part of the disc po and the observed polarisation of 
the integrated disc p. With this very simple model we find that 
p = 0.21 po in the continuum and p = 0.24 po in the centre of the 
band, i.e. an enhancement of ..,15 is seen in the polarisation at 
the centre of the band. This situation corresponds to small phase 
angles. If a phase dependant component of polarisation is present, 
the centre of the disc will also be polarised, and any variation 
in polarisation seen across the band in the integrated disc will 
be even smaller. In summary, this mechanism will not enhance the 
polarisation across an absorption band by more than an amount 
roughly equal to the proportion by which the strength of that 
band decreases towards the limb. 
In Saturn, the pattern of polarisation over the visible disc 
is again radial (HALL RILEY, 1974), becoming tangential at 
wavelengths greater than .40.9p. (BUGAENKO & GALKIr',, 1973; KEMP 
et al 1970. The distribution in the strength of the methane 
bands and the limb darkening are however somewhat different 
(TEIi L% 1976). Equatorial scans of the methane bands may show 
a slight decline in strength towards the limb (TEIr L, 1974, but 
see TEIr'LL et al 1971). The meridian scans show more obvious 
variations. The least amount of absorption is observed in the 
light equatorial belt and it increases to a maximum at moderate 
latitudes before declining again at the poles. These variations 
are certainly no greater than 50% and although this implies that 
any variation in polarisation over a band cannot be any larger, 
the distribution of these variations must put even lower limits 
on any polarisation effects on Saturn. 
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8. Interpretation of the polarimetry 
Having eliminated in previous sections any possible instrumental 
effect, including that of spatial averaging across the planetary 
disc, we conclude that a real enhancement of polarisation is 
occurring across the 7250 Á methane band in both Jupiter and Saturn. 
This increase is most probably caused by the relatively greater 
contribution of the proportion of light from low -order scattering 
than in the continuum. In the continuum, multiple scattering 
results in an almost completely depolarised flux from the planet 
as a whole, except for a small phase -dependant polarisation, and 
local effects. Within a strong molecular band we observe the upper 
layers of the atmosphere, and light scattered back to an observer 
on Earth will have undergone only a few scattering encounters. 
For aerosols of the size thought to constitute the clouds of the 
major planets, low order scattering will imply relatively large 
polarisations. Hence, within the band, the linear polarisation is 
not destroyed by multiple scattering and the overall polarisation 
rises. With this mechanism iii mind we look in detail at the 
observations, firstly of Jupiter. 
3.1 Jupiter 
In January 1978, Jupiter was observed at phase angle ¿A+ 6.05. 
In 1971, MOROZHENTKO (1973) found the linear polarisation of the 
whole disc at this phase angle to be small and negative - about 
( -0.05 - 0.05) %. Further, the polarisation was seen to become more 
negative towards the red. These results are in accord with the 
1973 January data. WOLSTENCROFT & SMITH (1979) do not notice this 
increasing continuum polarisation into the infrared and associate 
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all of the increase with the 7920 R ammonia band. The large increase 
in polarisation as compared with the depth of this line would then 
imply significantly different scale heights for methane and ammonia 
in the Jovian atmosphere, with the ammonia lying appreciably higher 
than the methane. We avoid this conclusion by associating some 
of the polarisation with the continuum. Morozhenko also found the 
polarisation to be varying with phase roughly linearly at about 
0.07% per degree of phase (at this phase angle). The presented 
data cover a phase interval of 0 ?7, and the apparent noise in 
the height of the polarisation peak is attributed to this phase 
effect. 
Although laboratory measurements of the methane band at 
7250 R show structure in the centre of the band - specifically 
a double minimum with intensity rising by perhaps 8-10% between 
them (GIVER, 1978) it is unlikely (though possible) that this is 
related to the qualitatively similar structure seen in polarisation. 
The effect in polarisation is quite large, being 10 -20 of the 
amplitude, and the low resolution of these measurements might be 
expected to smooth out any such effects. A 'shoulder' was 
noticed in the linear polarisation spectrum in the region 6950 - 
7125 Á. This could be associated with the weak methane absorption 
at 7000 X. However, we note that the central depth of this band 
is only 10% of that of the 7250 R band, while the suggested 
associated polarisation enhancement is around 20 %. If the 
mechanism outlined above was operative, we would not expect a 
weak band to show a larger proportional increase in polarisation 
than a strong band. Of course, the errors on these polarisation 
measurements are quite large in comparison to the amplitudes we 
are considering. Similarly errors are quite large in the region 
N7700 R and no definite conclusion as to the existence of 
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structure related to the ammonia band can be made. 
The minimum in position angle seen around 8000 Á could also 
be associated with the ammonia band, but is more likely to be an 
instrumental artifact related to the onset of birefringence in 
HNP'B polaroid. Any dispersion curve shaped feature in position 
angle might also be explained as an instrumental effect, as described 
below for the May 1978 data on Saturn. 
The slow increase seen in measurements of the circular 
polarisation of Jupiter longward of 7700 Á is likely to be of 
instrumental origin (but see discussion of 1979 January data on 
Saturn). The dispersion shape shown at 7250 in circular 
polarisation is curious. The displacements necessary to correct 
data from different nights seem rather large to be connected with 
the rotation of the planet. KEMP et al (1971) studied Jupiter 
continuously for a five hour period and found no dependance of 
the circular polarisation on the rotation of Jupiter on its axis. 
The feature across the band is significant at the 3Er level at 
least, though the sharp feature seen at 7370 R is probably 
spurious. We note that it is only 10 R across while the effective 
resolution of these measurements is around 75 R. Comparing the 
features in linear and circular polarisation at 7250 Á, one is 
reminded of the classical absorption dispersion curves. Briefly, 
if an absorption feature (such as a spectral line) occurs at a 
particular wavelength, a dispersion curve- shaped dependence of 
the refractive index on wavelength is also seen. The two 
quantities are coupled through the Kramers -Kronig relations 
which are derived from very general considerations (see e.g. 
LIPSON F.; LIPSON, 1969). Further, since dichroism is merely the 
effect of different absorptivities for orthogonal states of 
polarised light, any feature in dichroism will be accompanied 
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by a dispersion curve- shaped feature in birefringence. The observed 
interstellar circular polarisation is thought to arise through 
this mechanism (MARTIN,1975). However, the linear polarisation 
seen across the methane band is due to scattering in an optically 
thick atmosphere and not dichroism. It is not clear therefore 
that the Kramers -Kronig relations are useful in this case. 
When light is totally internally reflected within, for 
example, an aerosol, a phase difference is introduced between 
the orthogonally polarised components parallel to and perpendicular 
to the local normal. This phase difference is given by the 
Fresnel relations: 
(Phase)1 = T 2 tan -1 µ/" (Phase) = 71 +2tan1 
cos `. cos T 
where: L = angle of incident light (to the surface normal) 
A 
r = angle of refracted ray (to the surface normal) 
= relative refractive indix 
and cos r = t y3 where /3 is real and positive, noting 
that cosy must be complex for the case of total 
internal reflection. 
Clearly then, any feature in the refractive index will 
produce a feature in the birefringence, and hence possibly in 
the circular polarisation. Such a feature would be associated 
with an absorption centred at or around 7250 Á. The obvious 
choice would then be to attribute the observed structure in the 
circular polarisation to methane aerosols (either liquid or solid). 
At the (partial) pressures of methane in the Jovian atmosphere, 
such aerosols would only form at a temperature of around ^,60K 
(PRINK & LEWIS, 1973). At such temperatures the aerosols would 
be solid, as the triple point of methane is at around 90K. 
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However present models of the Jovian atmosphere show temperatures 
always in excess of ..-150f (e.g. TEIFEL, 1976). To allow the 
methane to condense (to a liquid at these temperatures) would 
require higher methane partial pressures. In passing we note 
that since methane is not a polar molecule, the spectra of the 
solid and liquid forms will be similar to that of the as (e.g. 
RAA`_APRASAD et al, 1978). Since the existence of methane aerosols 
is problematical, we consider what other compounds which have 
absorption in this region might exist as aerosols.. We note that 
this methane band is an overtone frequency of fundamentals which 
lie at wavelengths )at. There are four of these, at wavenumbers 
2914, 1526, 3020 and 1306 cm -1 respectively (HERTZBERG, 1945), and 
they arise from "bond -stretching" and "bond- bending" vibrations 
of the -C -H bonds. As such any other organic molecule with 
carbon -hydrogen bonds in similar "molecular surroundings" might 
also be expected to produce absorption lines at similar wavelengths 
to those of methane. More specifically, compounds containing the 
methyl (CH3 -) group, might, if present in sufficient quantity, 
form an overtone absorption at around 7250 R. The spectrum of 
ethane for example (CH3 -CH3) has a number of absorptions near 
those of methane. Clearly the choice of compound is more limited 
by the required abundances rather than by the necessity of having 
a methyl group. Indeed we note that water vapour shows broad 
strong absorption at these wavelengths (7230 R, HERTZBERG, 1945) 
in the Earth's atmosphere - the 'a' band - and H2O is plentiful 
in the lower clouds of Jupiter though, admittedly, in the form 
of ice crystals. One would then need to call on convective 
processes to bring these up to the region of the atmosphere being 
probed by polarimetry. 
246 
Examination of the structure in circular polarisation shows 
it changing sign very close to the centre of the methane band. The 
problem then in using any other molecule besides methane is in 
this close correspondence. Problems also arise in the required 
abundances of these other materials, except possibly water. A 
further point to note is the relative size of the features in 
linear and circular polarisation. We find gn.p2, suggesting 
that linear and circular features are linked. For the most 
elegant explanation of the circular polarisation, and one in 
which the above relation arises naturally, we must return to the 
Fresnel equations quoted previously. We note that these involved 
- the relative refractive index i.e. of the denser medium with 
respect to the more rarified one. Previously we had considered 
a feature in the refractive index of the aerosol, but it is clear 
that a change in the refractive index of the medium outside the 
aerosol would be equivalent. However, such a feature in the 
refractive index of the medium must occur, by association (through 
Kramers- Krönig) with the strong methane absorption. By 
illuminating the aerosols with linearly polarised light, circular 
polarisation is produced. It remains to be seen whether the methane 
absorption can produce a large enough change in the refractive 
index of the medium, given that the concentration of methane 
in the atmosphere is only around 0.3%. Clearly detailed modelling 
of this mechanism should await the confirmation of this structure 
in circular polarisation in spatially resolved studies of the 
planet. 
The 1980 May data confirm the rise in polarisation within 
the 7250 Á methane band. Since these measurements were taken 
with a telescope of significantly different platescale, possible 
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instrumental effects dependant upon this factor cannot be dominant... 
In 1980, the enhancement in the linear polarisation was found to be 
greater than that found previously. Continuum polarisation is 
also larger at this phase angle (9?5). Again the measured 
continuum polarisation agrees roughly with that found by MOHOZHENKO 
(1973), and.indeed a feature of this size (0.2%) might well have 
been detected by him had he used more filters in this part of the 
spectrum. The polarisation is again negative with little information 
in the other Stokes parameter. 
No structure was found in the 6190 R band in either linear 
or circular polarisation. While this result for circular polarisation 
is not surprising, the absence of an effect in the linear perhaps 
is. This band has a residual intensity at its centre of around 
0.80, compared with 0.45 for the 7250 á line. The lack of any 
structure in the polarisation > 0.04% would suggest then that the 
linear polarisation seen in the 7250 Á band arises at a high level 
in the atmosphere, i.e. at a level not significantly contributing 
to the 6190 R line. Both lines however are formed chiefly within 
the upper ammonia cloud - TEIFEL (1976) finds the optical depth 
of the gas above this cloud to be 0.03 in the 6190 band and 
0.07 in the 7250 R band. The only published work on the 
interpretation of polarisation profiles such as these - namely 
FYMAT (1974) - serves merely to show how model dependant the 
quantitative enhancement in polarisation is. Consider Fymat's 
figure 7, where integrated (i.e. over the planetary disc) 
spectropolarimetry of a line in a totally Rayleigh scattering 
atmosphere is presented for a phase angle of 99.02. The 
resultant polarisation seen at the centre of a line 70% deep 
is about five times greater than that seen at the centre of a 
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line 20¡. deep. It seems therefore that we cannot make deductions 
about the relative enhancements seen in different lines without 
detailed modelling. Such modelling is outside the scope of this 
Thesis, and in any case would only be worthwhile if data existed 
for a number of bands and small areas of the planetary disc. 
No effect was seen across the 6450 Á ammonia band, though 
a slight slope in the linear polarisation dependance with wavelength 
is present. Neither do the circular polarisation measures reveal 
any structure. Since the aerosols of the clouds of Jupiter are 
thought to be of solid ammonia there was the possibility of finding 
a dispersion- shaped feature in circular polarisation associated 
with the band. However the band is not strong, and in any case 
the effect may well cancel when integrating across the planetary 
disc. In order to detect any effect, a portion of the disc only 
must be observed, and a stronger band further into the infrared 
(e.g. the 1.1M band) must be used. 
Recently BURIES et al (19 79) have discussed information 
that can be derived from spectropolarimetry of the gaseous planets. 
By generalising the concepts of the equivalent width of a line 
to the other Stokes parameters, "curves of growth" for I, Q, U 
and `' can be constructed, the most informative of which are those 
of I and Q. Since the "Q" lines are sounding a level in the 
atmosphere near to the cloud top, and since one may derive a 
(rotational) temperature from the slope of the curve of growth, 
one may hence locate more accurately the cloud top height (given 
a temperature model of the atmosphere). Using the derived 
rotational temperature one may then derive scale -height ratios 
for the gas -to -cloud particles (using strong and weak lines of 
a particular molecular species) and for gas -to -gas using lines 
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of the respective species. It should be noted that the above 
paper was written with the expectation of obtaining infrared 
measurements. By studying multiplets, curves of growth as 
described can be constructed. However in the visible we have 
only a few bands of vastly differing strength, and the theory 
developed by Buriez et al is not useful in the interpretation 
of the data of sections BC and B6. 
8.2 Saturn 
We shall find that the qualitative interpretation of the 
Saturn data is rather similar to that of Jupiter. We have seen 
though that larger variations appear to be occurring in the 
polarisation of this planet. 
The variation of linear polarisation with wavelength across 
the 7250 band is very clear in polarisation measurements obtained 
in 1978 May. Unfortunately, this variation is unlikely to be 
related to the properties of the Saturnian atmosphere. These 
results were obtained with an aperture that included the rings as 
well as the whole planet. Since the spectrum of the rings does 
not show the absorption band at 7250 L, the contribution of 
light from the rings will become more important in the centre 
of the band. As the polarisation of the rings is also different, 
a variation will be observed in their combined linear polarisation. 
If we use figures for the polarisation of the rings from DOLLFUS 
(1979), we may derive the relative contributions of Saturn and 
its rings to the light of the combined system. 
Dollfus gives the polarisation of the rings at this phase 
(6.02) as ( -0.15 ± 0.1)¡x. These measurements were made with the 
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visual fringe polarimeter described by DOLL_FUS (1956) and with a 
filter of effective wavelength 5600 KEMP and MURPHY (1973) 
show that the polarisation of the ring is roughly the same at 
7250 . as at 5600 Á ° at phase 5.5 Dollfus found the polarisation 
to be ( -0.2 0.1);, at 5 °.5, whereas Kemp and Murphy find ( -0.3 
+ 
0.1) %, at 5600 Á. Since these measurements are taken at the 
ansae of the rings, and the East and West limbs of Saturn are 
strongly negatively polarised, any scattered light from the planet 
will increase the measured polarisation of the rings. As Kemp 
and Murphy used quite large apertures, we use the figure of Dollfus, 
and adopt a polarisation of the rings at phase angle 6 °.2 of 
( -0.15 - 0.1)% at 7250 R. Note that in the calculation to follow, 
we are obliged to ignore the variation of polarisation across the 
rings or variation connected with the angle of tilt of the rings, 
as seen from Earth. The error we have assigned to the above value 
has been roughly doubled to allow for this effect. 
Consider the observed polarisation at two wavelengths, one 
in the continuum, and one at the centre of the band. 
Let 
and 
Pc, le = observed polarisation and intensity of Saturn + 
Rings in the continuum. 
PC, IS = observed polarisation and intensity of Saturn alone 
in the continuum. 
Pp, IR = observed polarisation and intensity of the Rings 
alone in the continuum. 
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i.e. a = the factor by which the polarisation of Saturn is enhanced 
within the band. 
Also from the observations we have that p1 = 0.13, pc = 0.21 (in 
percent) and I1 = 0.532. 
Hence.to determine In, we see that it is necessary to solve 
the quadratic equation 
I2 (a-1) + I (Pl Il - Pc a - aPpIl + P ) + (Pc a - 
P. 
Il = O 
If we set a = 1, i.e. no enhancement of polarisation, we see that 
Iz, = 0.20 (+ 0.06 - 0.04) , that is to say that 207, 
of the light from the combined system comes from the rings. 
If we set a = 2, i.e. 100; enhancement, we find 
= 0.39 (+ 0.03 - 0.02) 
where in both cases the error is derived solely from the error on Pp. 
From the work of POLLA (1975) we may compare this value with 
an expected value, after some manipulation. Pollack gives: 
Flux from _?i ngs 
= 0.584 
Flux from Saturn + Tings 
for the 7 band, with the rings fully open as viewed from Earth (i.e. 
E = 26 °). The spectral reflectivity of the Rings increases by a 
factor -.'1.1 between 5600 R (the V band) to 7250 R (POLLACK, 1975); 
while that of Saturn increases by a factor of around 1.4 (TEIFEL, 1974). 
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Adopt Flux (Rings) 
= 0.524 for the continuum Flux (Saturn + Rings) 
around 7250 R (that is, the 
perceived continuum rather 
than the true continuum). 
Now this factor is as yet only for the rings fully open. 
It is clear that Flux from Rings FF = S(B,i) -r (a1 -a2)2 sin B 
where a1 and a2 are the inner and outer radii of the rings 
i = phase angle. 
B = Saturnocentric latitude of the Earth with respect to 
the ring plane. 
In fact S(B, i) is different for the two brightest rings which 
contribute nearly all of the flux. For the A ring, which contributes 
365 of the total light, S(B, i) is constant. For the B ring, we 
note that, ignoring phase dependance, 
S (B = 26 °) = 0.77 and S (B = 13 °) = 0.71 
( POLLACK, 1975), where B = 13° in 1978 May. Taking into account 
the proportions in which the two rings contribute, we then see 
F (B = 13 °) /F (B = 26 °) = 0.47 
Ignoring the phase dependance above will introduce an error of less 
than 205 since we are not near opposition. 
Therefore the expected proportion of the flux contributed by the 
Rings at 7250 R and in 1978 May is calculated to be 0.246. 
The error on this result is probably in the region of 505. 
However we do see clearly that the derived proportion is 
consistent with no enhancement of polarisation across the band, 
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and is only marginally consistent with a large (100) enhancement. 
The variation of position angle across the methane band in 
19? TM'ay is most curious. The dilution effect of the rings 
discussed above would merely rotate the position angle in one 
direction with the maximum deviation being at the centre of the 
band. The deviation would also be small (^-10 °). Such an effect 
was indeed seen on one evening. The spatial averaging of 
polarisation as discussed in the previous section would give a 
similar effect, if all areas of the disc contributed equally. 
however in the case of Saturn, part of the disc is partially 
obscured by the rings. Consider the two diagrams below, where the 
length of the 
arrows are 
intended to be 
representative 
of the strength 
of the polarised 
intensity contributed 
from that part of 
the disc. Only the "U" components are shown, i.e. neither perpendicular 
nor parallel to the scattering plane. In diagram (1), as we move 
from E to W across the disc, the NE and S 2 components contribute 
equally and in opposite senses - and hence cancel. Likewise for 
the NW and SW components. In case (2), where the Northern components 
are stronger, a residual polarisation occurs, which changes sign at 
the centre of the disc. In terms of the position angle of the 
polarisation of the integrated disc, this would lead to a dispersion 
curve- shaped feature centred at the band centre, as seen. The 
stronger polarisation seen in the North of the disc might arise 
because of the tilt of the polar region towards the observer when 
l . 
N 
0°, rather than the partial obscuration of the rings. This 
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interpretation is not fully satisfactory, as the observed effect 
seems too large, did not occur every evening, and is at least as 
wide as the observed band. The structure in the position angle 
will not affect the calculation above which assumes no change in 
position angle, as at the centre of the band the position angle 
has returned to its continuum value. 
The mean position angle of those measurements, relative to 
the normal of the scattering plane, was 164 °, i.e. mainly 
perpendicular to the scattering plane (positive) but with a 
significant component not related to this plane. Given the 
geometry of the situation, it seems reasonable to resolve into 
two components, one of which is parallel (or perpendicular) to 
the normal of the scattering plane while the other is parallel 
(or perpendicular) to the planetary polar axis. The formulation 
is relevant to the discussion of both Jupiter and Saturn, but 
the effect is rendered far more significant in our measurements 
of Saturn because of the greater inclination of the pole of Saturn 
to the ecliptic. Any polarisation of the rings associated with 
the ring plane is probably small (JOHNSON et al, 1980). If we 




then their ratio 
PSOATT/ VPOLE 
equalled roughly -0.6 in 1978 May (with 
PP0LE 
being negative). This ratio might be expected to vary with 
phase angle, with the angle between the scattering plane and 
the planetary axis, and with the aspect angle of the rings as 
seen from Earth. 
The atmosphere of Saturn is rather different in detail 
to that of Jupiter, especially in the thickness of the cloud 
levels, lower temperature and (apparently) less vigorous 
atmospheric motions. As described in previous sections, the 
polarisation of the reflected light from the two planets is 
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also somewhat different. Physically the above (tentative) null 
result for enhancement of polarisation across the methane band 
would imply that even in the centre of the band we are looking 
at a level well into the ammonia clouds. In order to confirm 
this result, more observations of Saturn were made in 1979. 
During the period 1978 -80 the aspect angle of Saturn's rings 
was decreasing (i.e. B-,0). The observations of 1979 were taken 
when B ti 5 °, and the contribution from the Rings was a good deal 
less than in 1978. If POLLACK (1975)'s figures are used we can 
estimate the importance of light from the Rings in 1979, and 
predict the polarisation variation expected. Specifically, since 
S (B = 5 °) = 0.65, we find F (E = 5) /F (B = 26) = 0.17 and 
Flux from Rings 
Flux from Planet + Rings 
= 0.09 
The predicted drop in polarisation is only about 0.04, and so 
any enhancement of polarisation should be more readily visible. 
Unfortunately, as previously described, much of the data for 
1979 Tanuary /_+ebruary had to be discarded. We note however that 
the magnitude of the polarisation within the band at 7250 3 
was around 0.3% whereas it was 0.2% around the 6190 á band. No 
significant structure was found over the 6190 
ó band. The 
position angles of the measured polarisation average around 133° 
with respect to the normal to the scattering plane. The ratio 
PSCATT/PPOLE 
described above equalled + 0.75 for these 
observations, where both components were negative. This value 
implies that the polarisation component connected with the 
planetary pole is still stronger than that linked to the scattering 
plane. A rapid variation of this ratio would give wild fluctuations 
in the position angle measured for the resultant polarisation. It 
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is possible therefore that the variations of position angles and 
polarisation that led us to reject most of the 1979 January /February 
linear polarisation measurements could have been caused by rapid 
changes in the linear polarisation of the planet associated with 
the phase angle = 27 circular polarisation feature. Existing 
linear polarisation measurements in the literature are neither 
complete enough nor accurate enough to rule out this possibility. 
while further observations are needed to check on this, it seems 
more likely at the present time that a contribution from the Sky 
background produced the results tabulated. 
The circular polarisation measurements across the 7250 R 
band in 197e ('figure P23 ) and 1979 figures B25 and B26) seem to show a 
sharp feature in the very centre of the band. The discussion of 
the circular polarisation across this band in Jupiter is also 
relevant here. The temperature of the Saturnian atmosphere, while 
lower than that of Tupiter, still is not thought to give partial 
pressures high enough and temperatures low enough to allow methane 
to condense (TEIFEL',1974). The tropopause is thought to be at 
around 90 °K. The sharpness of the feature is puzzling. It may 
be that the circular polarisation only arises at a high level in 
the atmosphere, or that some geometrical effect is involved. 
The 'continuum' measurements of circular polarisation for 
Saturn obtained at the 1979 opposition show a dramatic rise in 
circular polarisation into the red. When the circular polarisation 
measurements about the methane bands are also taken into account, 
we see that by 7250 Á the polarisation has reached -0.16 %, a 
value more than twice the largest previously reported for this 
planet. These measurements were made at phase angles ( -) 3 °3 to 
1.9, and hence cover the phase interval (2.7 - 0 °.5) within which 
2 57 
an enhancement has been reported in the circular polarisation of 
Saturn (SVEDLUID et al, 1972). Swedlund's measurements were of 
regions of the disc of the planet (or rings) and in wide spectral 
bandpasses. Cur observations, on the other hand, are of the whole 
planet plus the rings and in 50 R bandpasses (or less). Looking 
at the dependance of the circular polarisation with wavelength 
(figure 27), we see that the shape of our curve is roughly 
intermediate between those of Swedlund's obtained at phase angles 
0.06 and 6.03, but that the magnitude of the polarisation we observe 
is significantly higher, especially around 5000 Á. The rise in 
the polarisation seen at wavelengths greater than 6000 R is very 
marked. Measures obtained in and around the molecular bands of 
methane at 6190 and 7250 angstroms, while not appearing on figure B27 
are completely consistent with the displayed 'continuum' values. 
An examination of the Figure 2 of Swedlund et al (1972) and 
the associated table appears to show that the circular polarisation 
of the north polar region was small at the phase at which that of 
the south polar region was enhanced. While this may have been the 
result of shadowing by the rings, it does mean that if Swedlund 
had observed the whole planet, as we did, he would still have found 
an enhancement in the polarisation at phase angles near 27, and 
one of similar magnitude to that observed from the South pole alone. 
Our observations were not made with the rings as open (as seen from 
Earth), and shadowing should be less important for these measurements. 
However it is interesting to note that the magnitude of the effect 
as detected by Swedlund (0.085 at 6700 Á) is also similar to that 
seen by us at these wavelengths (see figure 1-'27). The continuum 
circular polarisation measurements of 1990 April /May taken at 
phase angle 5.07 are also closely similar in magnitude to 
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Swedlund's 6.03 points. The rise in polarisation seen in our data 
at 7900 2 is shown to be real. Note that all our listed polarisations 
are negative, implying that the South pole of the planet was still 
dominating the circular polarisation. The observed large circular 
polarisations are unlikely to be caused by our inclusion of the 
rings in the aperture. Swedlund et al found the circular polarisation 
of the rings to be small when compared to the planet (i.e. the poles), 
though he did not make measurements of them near phase angle 2.07. 
inall-, although the observations here cover an interval in phase 
o o 
angle of 3.3 to 1.9, only small differences are seen during this 
time (e.g. between measurements at 5750 at phase angles 3?3 
and 2.5, or in the red between 20.5 and 1.9). This might be taken 
as evidence that the presented polarisations are of instrumental 
origin. During this observing run, no measurements were made at 
phase angles sufficiently far from 297 to yield a null result, 
though such measures were obtained on other runs. However, it is 
also perfectly reasonable to deduce that the circular polarisation 
peak must simply be somewhat broader than previously reported, 
and/or variable from opposition to opposition. 
The rise in polarisation in the red is very rapid. Some 
idea of just how rapid can be seen from Appendix B1. The best 
fits to the observed wavelength dependance were either 
exponential, or a high order power low (i.e. p = p0 + kA, 
where 207). 
The circular polarisation of light reflected from the 
major planets is thought to arise from multiple scattering by 
(prestunably ammonia) aerosols. On Jupiter, Rayleigh scattering 
(mainly by hydrogen molecules, due to their predominance) is thought 
to be important in the blue, but not in the red, a consequence of 
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the 1X 4wavelength dependance of this form of scattering (KAWATA 
& - HANSEN, 1976). Saturn consistently exhibits the opposite sign 
of circular polarisation to Jupiter under identical scattering 
geometries. It has been suggested that this can be accounted for 
by presuming that Rayleigh scattering is much more important for 
Saturn (KAWATA & HANSEN, 19 76; COFFEEN & HANSEN, 1974). However, 
linear polarisation measurements require that differing particle 
properties (particularly size) must also be invoked. At phase 
angles different from 20.7, the magnitude of the circular polarisation 
observed (by Swedlund) is greater than that predicted by multiple 
scattering models (KAWATA, 1979). These models have a number of 
free parameters, but all seem to have the problem of producing 
enough circular polarisation (i.e.> 0.02%) at small phase angles 
with the sort of cloud particles thought to exist in the Saturnian 
atmosphere. The models are integrated over a whole hemisphere, 
though, whereas Swedlund's observations refer to a more localised 
region about the pole. If the spatial distribution of circular 
polarisation predicted by WOLSTENCROFT (1976) on Jupiter is 
applicable to Saturn, we note that regions near the east and west 
limbs of the planet would only dilute the polarisation of the pole 
in the theoretical models. To obtain higher circular polarisations 
either within the circular polarisation peak or at long wave- 
lengths outside it, KAWATA (1978) has suggested the inclusion of 
large (204) particles with a narrow size distribution, or 
preferentially orientated non -spherical particles into the models. 
The scattering of large spherical particles can be understood in 
terms of geometrical optics. As can be seen from figure 5 of 
HANSEN & TRA:TIS (1974), large particles show sharp features in 
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intensity and linear polarisation such as the 'rainbows' and the 
backscattered (i.e. phase angle 00) 'gloi'r'. A narrow size 
distribution of such large particles would be necessary to maintain 
the sharpness of these features. To Ilawata's su,g;estion we might also 
add that the relative refractive index of these large spherical 
particles be in the range 4r77< n < 2, for then light can be back - 
scattered after just one internal reflection, giving a strongly 
linearly polarised glory. Further, for higher values of the refractive 
index, the primary rainbow, which is also highly polarised, moves 
closer to phase angle 00. (If 
, 
= phase angle of primary rainbow, 
then : for n = 1.23, ^ 43 o ; for n = 1.50, O 230; and for n = 
1.60, f 15 
o 
). Illumination of other aerosols by the stron.ly 
linearly polarised light would then rive rise to the enhanced circular 
polarisation. iron- spherical particles are very likely present in the 
atmosphere of both Jupiter and Saturn. HOLM ES et al (1990) have 
watched_ both ammonia and ice crystallise at low temperatures and 
pressures. They found that ammonia formed tetrahedral shaped crystals 
with rounded vertices, while ice formed into hexagonal patterns. 
Similar crystals of ammonia and 'snowflakes' of ice may constitute 
the clouds of Jupiter and Saturn. Large non -spherical crystals do 
not give the 'rainbows' and 'glory' seen with spherical aerosols as 
these features are dependant on the circular cross section and 
spherical shape respectively. In their place, shape -specific haloes 
appear. Like the rainbow, these occur at an angle of minimum deviation, 
given by, 
-1 
2 sin (n sin ) - 
where '' is a ri hedral angle formed by two faces, not necessarily 
contiguous, and is less than twice the angle of critical internal 
reflection (mRICkTR, 19 70). These haloes can be strongly polarised. 
If the crystals are partially, aligned they might have a significantly 
stronger effect. How might such particles be aligned? No form of 
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magnetic alignment is feasible, the fields being too weak. "Streaming" 
of particles in a strong planetary wind, either associated with 
convection cells, or with the differential rotation of the planet 
could possibly provide the mechanism of alignment. Large plane 
hexagonal snowflakes would be easier to align than rounded 
tetrahedra. 
An appealing explanation of the large circular polarisation 
of Saturn as opposed to Jupiter is the reflection of highly 
polarised light from the rings onto the planet. Since the rings 
only illuminate one hemisphere by reflection, the planet as a 
whole would exhibit a non -zero circular polarisation. However, 
Swedlund has made a North -South scan of Saturn with a 7" aperture 
at phase angle 226 and found that the strongest circular polarisation 
was seen at the South pole, whereas south of Saturnicentric 
latitude -65°, there is no direct illumination by ring light. At 
the East and West limbs, where any effect of the rings might be 
expected to be greatest, the circular polarisation was small (at 
phase angles < 0.05, wavelength 6400 á). The possibility of a 
large contribution from the East and West limbs at phase angles 
around 2.? is however not ruled out, though in observations of 
the whole disc they would presumably cancel. 
In summary, it is necessary to explain the relatively high 
circular polarisation outside the polarisation peak, as well as 
the enhancement within it. Unfortunately no simple deduction can 
be made from the very rapid rise in circular polarisation with 
o 
wavelength reported here at phase angles around 2.7. It seems 
that illumination of the planet by the rings cannot account for 
both the effects, and indeed is unlikely to account for either. 
Nore modelling is necessary, using parameters for the atmosphere 
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derived from spacecraft -born experiments, in order to see if large 
spherical particles can match the observations. Ammonia crystals 
may well approximate to spheres in their scattering properties. 
The modelling of scattering by non -spherical particles is very 
difficult. One approach recently developed is to modify the "ie 
theory by "removing" features due specifically to the spherical 
shape of the particles. The technique is promising but remains to 
be fully developed and exploited (AC VISTA, 1978). 
There still remains the possibility that the wavelength 
dependance of circular polarisation presented is the result of 
some instrumental effect. It is clearly of the highest priority 
to confirm these measurements, and to extend them into the infrared. 
The requirements of linear polarisation across the 7250 
methane band in 1930 April /Nay show conclusively that there exists 
an enhancement in polarisation in Saturn as well as Jupiter. In 
the Spring of 1980, the rings contributed negligeable light to 
the measured flux from the planet (p ti -10), though of course they 
could still affect the measurement by reflecting polarised light 
onto the planet. The enhancement is of the order of 652 of the 
continuum polarisation and such a value for the rise in polarisation 
across the band is fully consistent with the measurements of 1978 
nays. It is coincidently similar to that found in Jupiter at about 
the same time, though the planets were at different phase angles. 
The fact that the enhancements are of similar order in the two 
planets points to the underlying similarity between their respective 
atmospheres. At the same phase, the relative sizes of the enhance- 
ments will provide information on the relative scale heights of 
gas -to- aerosols in the two planets. Since the clouds of Saturn 
are thought to be thicker and denser than those of Jupiter, we would 
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expect the enhancement to be less for this planet. The ratio 
p, described above equalled +3.64 for these measurements, 
3CATT/ P POLE 
both values being positive. This is confirmation of the low 
importance of light from the rings. 
As mentioned previously, the "continuum" measurements of 
circular polarisation on Saturn were generally consistent with the 
data of SWEDLUND et al (1972) at phase angle 6 ?5. It is curious 
that our whole planet measures are comparable to his values 
obtained from one pole only, especially as with the Earth in the 
ring- plane, both poles should contribute to the flux from the planet 
without shadowing by the rings. However, the Sun was not in the 
ring -plane at the time, and eo the illumination geometry is still 
not identical for the two polar regions. 
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9. Conclusions 
It has been shown that an enhancement of linear polarisation 
occurs across the 7250 Á methane band in both Jupiter and Saturn. 
While such an enhancement was predicted by F YAT (1974), these are 
the first quantitative measurements reported. As yet effects 
across other bands have not been definitely found. It is likely 
that such effects will be present at some level, and indeed the 
relation between line strength and the enhancement in polarisation 
should be a useful constraint for modelling the vertical distribution 
of aerosols in the atmospheres of the Major planets. BURIEZ et al 
(1979) have shown some of the information which can be obtained 
from the polarisation equivalent widths: the complete polarisation 
line profile will provide a great deal more. 
On Saturn, the wavelength dependance of circular polarisation 
within the feature at phase angle 27 was secured. A dramatic 
increase in levels of polarisation into the red was observed. An 
effect may also exist in the linear polarisation spectrum at this 
phase angle. More observations are urgently needed. 
The interpretation of the measurements across line profiles 
presented are complicated by a number of instrumental effects, 
mainly connected with measurement of the entire planetary disc. 
On Saturn, there is also the problem of separating out the component 
in the integrated light coming from the rings. Further complication 
results from the different atmospheric conditions existing above 
different parts of the planets, such as the poles of Jupiter 
(ûEHRELS, 1969) or the equatorial band of Saturn (BUGA ENKO c- 
GALKIN, 1973). In order to maximise the information obtained from 
the polarisation, and to relieve the modelling of at least one 
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stage of integration, it will be necessary to obtain spatially 
resolved measurements on the discs of both planets. Such measure- 
ments would require a high precision, 2 -D multichannel spectro- 
polarimeter to make them feasible. The new SIT -Vidicon spectro- 
polarimeter approaching completion at the Royal Observatory is 
suitable for this project, and it is hoped to obtain the measurements 
outlined above in the near future. 
The other major discovery reported here could easily be 
followed up with broad filters on a single channel instrument. 
The study of the linear and circular polarisation of Saturn at 
and around phase angle 2.07 is of importance. Pore observations 
are vitally needed, especially in the near infrared. A logical 
extension of such a program would be to study Jupiter at phase 
o 
angle 7..8 where a similar feature in circular polarisation has 
been reported to occur (MICHALSKY & STOKES, 1974). 
Finally, as has been made clear in previous sections, the 
basic polarisation measurements on which scattering models for 
the atmospheres of Jupiter and Saturn depend are still incomplete 
and of low accuracy. Even now the only reported circular 
polarisation measurements of Jupiter are in a broad red band 
centred about 6700 R. The accuracy of the polarisation against 
phase angle curves for these planets could be improved relatively 
easily by a factor of at least 5. Such measurements are 
comps mentary to those obtainable from the spacecraft -born 
photopolarimeters, at least until a spectropolarimeter is carried 
to the vicinity of Jupiter. Earthbased observations can provide 
a wealth of spectral information unobtainable from the two -colour 
devices flown as yet. It is to be hoped that with the increased 
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_ncorporat'_On of ?! alti.ctila::ï:Cl ,detectors into high precision 
sr°ctronolari.meters in the next few years, some of this Ti ss1.r` 
basi c information will be secured.. 
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Appendix B1 The wavelength dependance of circular polarisation 
on Saturn in January /February 1979. 
In January /February 1979 the 'continuum' circular polarisation 
of Saturn redward of 6000 Á was large and increased rapidly with 
wavelength (figure B 27). In order to gain some insight into just 
how fast the polarisation was growing with wavelength, some simple 
linear curve fitting was attempted. The data fitted included 6F9, 
the last two wavelengths of 29J8 and some averages obtained over 
the methane band at 7250 Á (table B18). Linear least squares fits 
were obtained to two different forms of curve: a power law q = b 
ax 
via log p = x log a + x log b; and an exponential fit, q = k exp (m2 ), 
via log p = log k + m' . Here, q is the absolute value of the 
circular polarisation in perdent, ?{ is the wavelength in Éingstroms, 
and x, b, k and m are constants. 
Initially all the data was fitted with these two curves. 
The resulting straight lines are seen in figure B29 (power law) 
and figure B30 (exponential). The constants were: 
x = 7.25, b = 1.05 x 10 -4, m = 6.43 x 10 -4, k = 2.59 x 10 -6 
Following this a continuum level was subtracted before fitting. 
The average of the 6F9 data was used (- 0.020 %) and the last two 
wavelengths of 6F9 omitted from the fitting. The values for the 
constants derived were. 
x = 9.67, b = 1.10 x 10-4, m = 6.43 x 10-4, k = 2.59 x 10-6 
As can be seen in figures B29 and B30, the fits are now very 
good. As a final experiment, a continuum level of (- 0.035 %) was 
subtracted. This gave the best fits to the observed curve, but 












































































































































































































































































































































































































































































law constant x equalled 17.97! 
In summary, the circular polarisation appears to be increasing 
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Table 11 : Observing Log for Jupiter, 1978 
Date Name RS (2) UT 
22/23 22J1 37 05.40 - 1.38 6.3 
22J2 37 06.30 
24/25 24J1 24 03.00 - 1.43 6.7 
24J2 24 04.15 
24J3 24 05.35 
24J4 24 06.25 
24J5 24 06.40 
24J6 24 07.40 
24J7 24 07.55 
25/26 25J1 23 04.20 - 1.46 6.8 
25J2 23 06.55 
26/27 26J1 37 03.15 - 1.48 7.0 
26J2 37 05.05 
26J3 37 07.10 
26J4 37 09.00 
Notes: 
(a) Date refers to 1978 January. 
(b) RS = Resolution as defined by the width or the exit slit. 
(c) UT = Effective time of observation. 
(d) All position angles are corrected to the scattering glane. 
F - position axis of the scattering plane = Qg - B 
2 76 
where 6 = rosition angle on eruatorial system 
e = position angles in Table B2 
(e) ¿ = Phase angle at O. 
(f) All observations were made with aperture 1 (80" diameter), 
and with Order Sorter 3 (transmitting beyond 6600 2). 
(g) On 1978 January 24th, DE = + 2 °.21, the equatorial diameter 
of Jupiter was 45:'6 and the polar diameter was 421'6. D 
is the latitude of the Earth as seen from Jupiter. P,C , and 
DE are tabulated in the Astronomical Ephemeris. 
(h) 1,11 measurements were taken at the Cassegrain focus of 
the 40" reflector of the Lunar and Planetary Laboratory at 
Mount Leer on, Arizona. 
277 
Table B2 : 1"`easuremer is of the linear rolarjeatior of Jupiter (1978) 
Name ( (') o-( ; " o 
22J1 7000 0.041 0.018 01 13 
7125 0.046 0.016 47 17 
7250 0.131 0.021 87.2 4.°, 
7375 0.047 0.021 71 16 
7500 0.072 0.018 84.2 7.3 
22J2 7170 0.017 0.012 77 23 
7270 0.105 0.017 01.0 6.5 
24J1 6770 0.006 0.009 16 46 
6960 0.013 0.010 108 22 
24J2 7260 0.123 0.015 91.5 3.3 
7280 0.np8 0.014 c14.3 4.5 
7300 0.118 0.015 82.0 3.4 
7320 0.086 0.012 89.1 3.8 
7340 0.066 0.012 95.5 5.0 
24J3 7790 0.133 0.022 78.5 5.4 
7825 0.113 0.028 84.2 5.7 
7860 0.109 0.030 82.9 8.0 
7805 0.174 0.035 80.2 4.8 
7030 0.163 0.036 99.3 6.1 
7965 0.123 0.035 94.7 8.8 
8000 0.184 0.041 75.5 6.0 
8035 0.200 0.040 85.1 8.1 
2 78 
nnme (°) F ( ,.1 cr(n) i< e(0) 6( e) (0) 
24J4 7070 0.055 0.011 91.8 5,3 
7150 0.076 0.012 83.4 4,3 
24J5 7195 0.098 0.012 80.4 3.6 
7465 0.060 0.011 98.3 5.2 
24J6 7410 0.020 0.018 119 25 
7720 0.052 0.037 75 1Q 
24J7 8105 0.020 0.14 150 180 
25J1 7050 0.050 0.009 
7120 0.065 0.009 
710(-; 0.008 - 0.011 
7260 0.150 0.013 
7 330 0.105 0.012 
7400 0.069 0.010 
7470 0.067 0.011 
25J2 
26J1 
7155 0.062 0.011 
7225 0.128 0.015 
7295 0.141 0.014 
7365 0.078 0.012 
7190 0.084 0.012 
7260 0.146 0.015 






























Name 0-(P) % B (°) e 0 ) (°) 
26J2 7720 0.078 0.017 72.1 6.8 
7825 0.102 0.023 81.4 5.9 
7930 0.195 0.032 88.5 4.8 
8035 0.177 0.039 73.6 6.5 
8140 0.157 0.061 69.6 11 
26J3 7755 0.122 0.018 77.0 4.0 
7860 0.175 0.021 85.1 4.7 
7965 0.137 0.033 91.9 7.5 
8070 0.127 0.051 74.0 9.3 
8175 0.100 0.085 25 23 
26J4 7790 0.147 0.016 96.8 3.0 
7895 0.161 0.022 86.3 4.6 
9000 0.159 0.026 86.7 5.0 
8105 0.160 0.040 6.6 
Table B3 Measurements of tll.A circular polarisation of Jupiter (1978) 
Name %1 (5)) Q (%) a'( n) (%) 
22J1 7000 -- 0.001 0.007 
7125 - 0.015 0.007 
7250 - 0.014 0.009 
7375 + 0.008 0.008 
7500 - 0.018 0.007 
22J2 7170 - 0.001 0.006 
7270 + 0.005 0.009 
25J1 7050 - 0.009 0.003 
7120 - 0.015 0.003 
7190 - 0.020 0.003 
7260 - 0.010 0.004 
7330 - 0.008 0.004 
7400 - 0.011 0.003 
7470 - 0.018 0.003 
25J2 7155 - 0.006 0.003 
7225 - 0.003 0.004 
7295 + 0.011 0.005 
7365 - 0.009 0.004 
26J2 7720 - 0.015 0.006 
7825 - 0.005 0.009 








o- (g) (; ) 
0.015 
0.023 
26J3 7755 - 0.011 0.006 
7860 + 0.001 0.011 
7°6 + 0.015 0.015 
8070 - 0.001 0.022 
8175 + 0..232 0.078 
26J4 7790 - 0.006 0.006 
7895 - 0.008 0.009 
8000 - 0.016 0.011 






























































































































































































































































































































































































































































































Table B5 : Linear polarisation measurements of Jupiter across methane 











24AP3 + 7 
24AP3 









P (%) G 6r (°) 
0.188 0.007 91.5 1.1 
0.184 0.010 85.5 1.6 
0.204 0.011 86.5 1.5 
0.197 0.010 86.1 1.5 
0.207 0.010 87.9 1.4 
0.232 0.011 85.1 1.3 
0.305 0.012 93.7 1.1 
0.381 0.012 89.1 0.9 
0.476 0.013 91.4 0.8 
0.521 0.014 92.1 0.8 
0.403 0.013 92.0 0.9 
0.334 0.013 92.2 1.1 
0.316 0.013 91.0 1.1 
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Table B6 Circular polarisation measurements of Jupiter across 




q (70) o 
5932 22 AP 4 0.003 0.008 
5982 22 AP 7 0.002 0.008 
6032 22 AP 4 0.002 0.009 
6082 22 AP 7 -0.004 0.009 
6132 22 AP 4 0.006 0.009 
6182 22 AP 7 -0.001 0.009 
6232 22 AP 4 0.003 0.009 
6282 22 AP 7 -0.011 0.009 
6332 22 AP 4 0.004 0.009 
6382 22 AP 7 0.005 0.009 
6450 Ammonia band 
6382 24 AP 3 0.006 0.008 
6407 24 AP 3 -0.007 0.008 
6432 24 AP 3 -0 000 0.009 
6457 24 AP 3 -0.000 0.009 
6482 24 AP 3 -0.000 0.008 

























































































































































































































































































































































































































































































































































































































































































Table B8: Abbreviations used in the Observing Logs 
Name A serial number. The day and month come first, e.g. 
5F1 was obtained on the night of 5th /6th February. 
Time (UT) Mean time of observation (UT). 
Telescope Diameter of telescope used. Identifications are 
40" University of Arizona Mt. Lemmon 
60" NASA /University of Arizona Mt. Lemmon 
61" University of Arizona Catalina 
24" University of Hawaii (AF) Mauna Kea 
Platescales are 10, 8.5, 10 and 22.3 arcsec mm -1 
respectively. 
N (?.) Number of wavelengths studied in this measurement. 
L or C Was linear polarisation (L), circular polarisation (C), 
or both (LC) measured? 
Range Range of wavelengths studied. 
Optics Set of quarterwave plates used. 
RS Resolution defined by the exit slit. 
AP Aperture used. 
1 = 8mm 3 = 2mm 5 = 1/2 mm 
2 = 4mm 4 = 1mm 
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Moon Age of Moon, in days from New Moon. 
Phase Sun - planet - Earth angle. 
OS Order Sorter used. The wavelength beyond which 
these are transparent is given. 
1= 4100 A 3= 6600 A 5= Empty 
2= 5200 A 4= 3500 A 6= Empty 
HT High Tension Voltage applied to tube. 
MV Modulator excitation voltage used. 
P Position Angle of the scattering plane. 
If 8E is the position angle of a measurement in 
the equatorial system, and B the position angle 


























Linear polarisation measures of Saturn 
Raw Data (May 1978) 
p (%) v 6 (°) O'ie) 
26M1 0.238 0.021 167.5 3.2 
3M2 0.214 0.028 162.8 3.0 
4M1 0.242 0.023 166.9 2.4 
10M3 0.226 0.021 165.5 2.7 
26M1 0.219 0.024 159.8 3.1 
4N2 0.194 0.020 164.5 5.6 
25M1 0.290 0.025 177.5 2.5 
4M1 0.208 0.035 166.7 3.5 
3N2 0.240 0.029 161.8 3.1 
10M3 0.261 0.021 170.1 2.3 
26M1 0.244 0.025 166.2 3.3 
25M2 0.430 0.034 161.7 2.7 
4M1 0.191 0.035 173.0 4.0 
26M1 0.233 0.025 163.9 4.0 
3M2 0.300 0 036 157.0 3.1 
4M2 0.220 0.029 161.3 6.2 
10M3 0.190 0,027 171.1 4.0 
4M1 0.183 0.033 178.2 4.7 
25M1 0.276 0.045 179.9 5.1 
26M1 0.147 0.032 163.4 6.2 
25M2 0.255 0.043 169.1 6.1 
3M2 0.213 0.036 149.9 4.5 
10M3 0.105 0.029 12.0 7.9 
4M1 0.127 0.037 163.1 6.9 
0.120 0.035 155.0 8.4 
4M2 0.165 0.043 143.3 7.2 
26M1 0.166 0.031 155.5 5.0 





















4M1 0.133 0.049 156.2 8.1 
10M3 0.105 0.027 151.1 10.0 
26M1 0.162 0.032 149.9 5.5 
25M2 0.258 0.036 159.0 4.6 
25M1 0.318 0.036 6.2 3.3 
4M1 0.170 0.035 155.7 5.0 
3M2 0.196 0.034 154.7 4.2 
10M3 0.213 0.022 157.2 3.2 
26M1 0.175 0.025 160.6 4.2 
4M2 0.186 0.038 163.3 5.0 
4M1 0.167 0.030 170.2 4.0 
26M1 0.183 0.024 165.3 4.1 
3M2 0.282 0.035 158.7 3.5 
10M3 0.187 0.025 163.4 3.2 
25M2 0.188 0.032 156.7 5.6 
25M1 0.289 0.034 4.4 3.3 
3M2 0.221 0.033 159.4 3.7 
10M3 0.186 0.024 164.5 3.3 
10M3 0.178 0.023 161.2 3.5 
10M3 0.126 0.027 164.2 6.5 




Linear polarisation measures of Saturn. 
running mean of 4 points (May 1978). 
pm e- e rn eM 
7059 0.222 0.010 165.2 1.4 
7109 0.217 0.011 165.0 1.4 
7121 0.222 0.012 166.3 1.6 
7131 0.228 0.012 168.0 1.6 
7146 0.238 0.013 169.0 1.5 
7160 0.240 0.013 168.7 1.6 
7173 0.219 0.012 167.7 1.8 
7189 0.207 0.013 170.1 2.0 
7201 0.199 0.013 168.5 2.1 
7215 0.169 0.013 172.3 2.4 
7230 0.135 0.015 171.5 2.9 
7245 0.128 0.015 162.8 3.2 
7259 0.134 0.015 160.0 3.0 
7271 0.133 . 0.014 154.5 2.9 
7284 0.143 0.015 151.6 2.9 
7299 0.145 0.015 154.0 2.7 
7315 0.166 0.013 155.3 2.3 
7329 0.186 0.014 156.7 2.1 
7341 0.191 0.014 158.8 2.1 
7351 0.189 0.014 162.1 2.0 
7361 0.177 0.014 165.1 2.1 
7373 0.181 0.014 165.5 2.0 
7395 0.182 0.013 165.5 1.8 
7425 0.183 0.012 163.5 1.7 
7465 0.171 0.012 163.2 1.9 
Data used ; 4M1 , 4M2 , 10M3 , 26M1 
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Weighted 





















bands of Saturn. Raw data. (May 1978). 
Name q ( %) 0" 
26M1 0.002 0.010 
10M3 - 0.002 0.012 
26M1 - 0.000 0.011 
25M1 - 0.032 0.022 
10M3 0.003 0.014 
26M1 0.009 0.011 
25M2 0.065 0.021 
26M1 0.020 0.012 
10M3 0.014 0.014 
25M1 0.009 0.032 
26M1 0.026 0.013 
25M2 0.079 0.029 
10M3 0.070 0.019 
26M1 0.007 0.015 
26M1 0.014 0.017 
10M3 0.008 0.023 
26M1 0.028 0.015 
25M2 - 0.024 0.022 
25M1 0.005 0.026 










Name q (7e) v.. 
26M1 0.024 0.014 
26M1 0.029 0.013 
25M2 0.026 0.018 
10M3 0.017 0.013 
25M1 0.033 0.024 
10M3 0.071 0.014 
10M3 0.060 0.014 












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Linear polarisation measures of Saturn 
Raw Data (February 1979). 
P (i) cr()) 9 (°) cT(e) 
6000 9F12 0.173 0.022 118.0 3.9 
6050 9F13 0.146 0.022 124.2 4.5 
6090 9F12 0.143 0.023 116.3 4.3 
6100 11F8 0.155 0.021 148.3 3.8 
6120 11F8 0.169 0.021 153.3 3.6 
6135 9F13 0.167 0.024 126.2 4.9 
6140 11F8 0.169 0.020 146.2 3.4 
6160 11F8 0.174 0.021 153.2 3.5 
6180 9F12 0.188 0.025 117.2 3.8 
11F10 0.162 0.020 157.0 3.5 
6200 11F10 0.217 0.021 159.6 2.7 
6220 11F10 0.170 0.021 161.7 3.5 
6225 9F13 0.152 0.021 117.4 4.5 
6240 11F10 0.142 0.020 156.5 3.9 
6260 9F12 0.171 0.023 115.9 4.1 
6260 11F10 0.198 0.021 165.1 2.9 
6300 ...9F12 0.185 0.023 119.6 3.5 
9F13 0.191 0.024 116.9 3.7 
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Table B14 Linear polarisation measures of Saturn 
Raw Data (February 1979). 
/\ () Name p (%) Cr(f) C7 (o) c) 
7100 11F12 0.316 0.022 140.9 2.0 
7130 11F12 0.256 0.022 139.4 2.4 
7160 11F12 0.353 0.023 140.6 1.9 
7200 9F15 0.328 0.025 94.3 2.1 
7220 12F11 0.341 0.024 127.9 1.9 
7220 9F15 0.282 0.025 96.5 2.4 
7226 12F11 0.287 0.024 125.7 2.3 
7232 12F11 0.336 0.023 123.2 2.0 
7L40 9F15 0.277 0.023 90.6 2.5 
7250 12F11 0.394 0.023 1.7 
7260 12F11 0.317 0.023 120.6 2.1 
9F15 0.355 0.025 88.9 2.0 
7280 9F15 0.421 0.024 88.9 1.7 
7300 9F15 0.299 0.024 95.0 2.3 
7330 11F12 0.355 0.024 140.6 1.9 
7360 11F12 0.354 0.024 138.6 1.9 
79h 
Table B15 . Linear polarisation measurements of Saturn. Sky- 
corrected data for 11/12th February 1979. 
Name p (%) cr(f) ß- (°) 6(t9) 
6100 11F8 0.155 0.022 124.6 
6120 0.168 0.020 129.6 
6140 0.171 0.020 122.6 
6160 0.173 0.021 129.6 
6180 11F10 0.154 0.020 131.6 
6200 0.210 0.020 135.5 
6220 0.161 0.020 137.1 
6240 0.136 0.021 131.2 
6260 0.188 0.021 141.3 
7100 11F12 0.297 0.022 138.6 
7130 0.236 0.022 136.1 
7160 0.323 0.024 137.5 
7330 0.315 0.023 136.6 
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Table B17 Circular polarisation_ measurements of Saturr across 
















Dame a (°L) 
11F12 - 0.134 0.016 
11F12 - 0.136 0.015 
11F12 - 0.154 0.016 
9F15 - 0.100 0.015 
12F11 - 0.129 0.017 
9F15 - 0.110 0.015 
12F11 - 0.166 0.017 
12F11 - 0.112 0.017 
QF15 - 0.180 0.015 
12F11 0.143 0.017 
12F11 - 0.161 0.017 
9F15 - 0.134 0.015 
9F15 - 0.146 0.015 
9F15 - 0.159 0.015 
11F12 - 0.153 0.017 
11F12 - 0.170 0.018 
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TH .7 , B18 . Continuum circ.1:' 7 r -1 ' c +; n . . r ì á. c, . a tz-:i 
Narre 
Pt-r-] (J=ru.,7,,..1Fe1,ru,r77 1070) 
3500 30T2 - 0.018 0.027 
3750 - 0.618 0.024 
4000 - 0.027 0.010 
4250 - 0.026 0.006 
4 500 - 0.034 0.004 
00 5F1 - 0.022 0.01? 
'3750 - 0.020 0.011 
4000 - 0.016 0.011 
4250 - 0.002 0.011 
A500 - 0.02.7 0.010 
4500 6F7 - 0.026 ^.010 
4 500 293.8 - 0.021 0.006 
4750 - 0.023 0.005 
5000 - 0.018 0.005 
5250 - 0.010 0.00A 
500 - 0.018 0.004 
5750 - 0.021 0.004 
5750 6F9 - 0.037 0.010 
6000 - 0.038 0.009 
6250 - 0.044 0.010 
6500 - 0.04° 0.010 
300 
Name 
6750 - 0.074 0.011 


































































































































































































































































































































































































































































































































































































Table B20: Linear polarisation measurements of Saturn across the 
o 
7250 A methane band. April / May 1980. 











18 MY 2 
18 MY 2 
15 MY 6 
14 MY 5 
15 MY 6 
14 MY 5 
16 MY 5 
18 MY 2 
14 MY 5 
16 MY 5 
7272 14 MY 5 
7297 16 MY 5 
7322 14 MY 5 
7347 16 MY 5 
7372 14 MY 5 
7397 16 MY 5 
7422 14 MY 5 
7482 18 MY 2 
0.427 0.016 175.6 1.1 
0.419 0.015 175.3 1.0 
0.367 0.014 174.9 1.0 
0.333 0.013 171.2 1.2 
0.370 0.013 174.6 1.1 
0.383 0.013 174.5 1.0 
0.427 0.014 175.8 0.9 
0.465 0.016 176.4 1.0 
0.402 0.014 173.9 1.0 
0.486 0.014 174.1 0.8 
0.401 0.014 174.8 1.0 
0.408 0.014 173.8 1.0 
0.309 0.014 172.5 1.4 
0.376 0.014 174.7 1.1 
0.317 0.014 172.3 1.3 
0.323 0.014 172.3 1.2 
0.269 0.014 175.6 1.5 
0.316 0.016 174.2 1.5 
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7250 methane band. April /May, 1980 
Name 
13 MY 6 
13 MY 6 
13 MY 6 
13 MY 6 
13 MY 6 
13 MY 6 
13 MY 6 
q (i) Cr- 
- 0.015 0.015 
- 0.010 0.015 
- 0.014 0.015 
- 0.018 0.015 
- 0.020 0.015 
- 0.002 0.015 
- 0.027 0.014 
304. 
Table B22 Continuum circular polarisation measurements of 
Saturn. April /May 1980. 
Name q ( %) o 
5982 17 MY 5 -0.017 0.008 
6182 17 MY 5 -0.004 0.009 
6382 17 MY 5 -0.020 0.009 
6582 17 MY 5 -0.015 0.009 
6782 17 MY 5 -0.004 0.009 
6982 17 MY 5 -0.012 0.009 
7182 17 MY 5 -0.008 0.008 
7382 17 MY 5 -0.012 0.009 
7582 17 MY 5 -0.019 0.009 
7787 17 MY 5 -0.033 0.009 
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Chapter C 
Spectropolarimetry of Reddened Stars 
30 A 
Spectropolarimetry of reddened stars 
1. Introduction 
The existence of absorbing material in the interstellar 
medium can be inferred from naked eve observations of the 7''ilkv 
Way on any clear night. However, for a long time, the observed 
'dark lanes' and bifurcations of the Milky Way were misinterpreted 
as being 'holes' in the star clouds. This was the interpretation, 
for example, of Herschel when in 1780 he mapped these dark areas. 
If the holes in the Milky Way are interpreted as dark clouds, 
then one way in which to quantitatively study them is by star 
counts, and as early as 1847, STHU.rE had deduced the existence 
of an absorbing sheet in the galactic plane by this means. Struve 
found the medium to give rise to an absorption of about 1 magnitude 
per kiloparsec, a value later confirmed by YAPTEYN (1909.a,b) and 
JONES (1914). 
At about the same time as ideas of an absorbing medium were 
being considered, the concept of a pervasive gas in interstellar 
space also arose. The first direct evidence was the observation 
by HARTI AiN (1904) of a stationary line of Calcium in the spectrum 
of a spectroscopic binary. At the time it was considered that 
this line was more likely to be of circumstellar rather than inter- 
stellar origin 10,. T T i, 1922). The discovery by PLASKETT and PEARCE 
(1930, 1933) that the strengths of these stationary lines (by that 
time known in a number of stars) increased with the distance of the 
star from the Sun gave convincing evidence that the gas giving rise 
to such lines in fact existed in interstellar space. The conclusive 
measurements for the existence of the dust were made by TRUMPLHH 
(1930a, b), who presumed that the linear dimensions of open clusters 
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of similar appearance were the same. He then compared the distance 
scale derived from the apparent sizes of the clusters with that from 
the apparent brightness of cluster stars of particular spectral 
types. The derived mean value for the interstellar absorption was 
found to be 0.3 magnitude per kiloparsec. This value was confirmed 
by BCTTLIiTER and SCHNELLLT (1930) who considered the dispersion of 
Cepheids perpendicular to the Galactic plane, and by VAN DE KA1'P 
(1932) who looked at the concentration of extragalactic nebulae 
towards the poles of our Galaxy. Using the new photomultiplier 
tubes, HALL (1D37) and STE:DII;S, et al (1939) investigated the 
wavelength dependence of the interstellar extinction and found it 
to vary roughly linearly with inverse wavelength. The complex 
line profiles obtained by ADAMS (1948) following earlier work by 
REALS (1936) and FRILL et al (1937) showed that components of 
the interstellar gas have quite different radial velocities and 
hence probably exist in a number of distinct clouds. 
Early attempts to model the interstellar grains supposed them 
to be metallic in nature (GREENSTEIIt, 1938) . S^.,HALEI; (1936) 
explained the extinction curves with 0.01 micron metallic particles 
which used up about 15.: of the mass of the whole interstellar medium. 
LILT LAD (1935) investigated the possibility of grain growth by 
condensation from the interstellar gas and this was taken further 
by OORT and VAN DER HULST (1946). Dielectric grains consisting 
mainly of water and ammonia ice and having sizes of the order of 
the wavelength of light were proposed by VAN DiE HULST (1946, 1949). 
The (linear) polarisation of light by the interstellar medium was 
discovered by HALL (1949) and HILTN R (1949) while looking for 
instrinsic polarisation effects in early type stars predicted by 
Chandrasekhar. Linear polarisation implies the existence of 
3O 
aligned non-spherical dust grains in the interstellar medium. The 
grains are aligned by the galactic magnetic field and DAVIS and 
GREPITSTEIN (1951) suggested a mechanism (paramagnetic relaxation) 
by which this might be achieved. Because of the difficulty of 
explaining the rather high values of interstellar polarisation 
with dielectric grains, CAYREL and SCHATZMAN (1954) and sub- 
sequently H07,7 and :dICIRA! ASIIT^? (1962)) proposed the existence 
of graphite flakes, which are very efficient polarisers. PLATT 
(1956) has suggested that the absorption arises in large molecules 
(10 ) with unfilled electronic shells. (WICKRAA'ASINGHE, 1967; 
SPITZER, 1964; IpWE B ERG , 1963; MUNCH, 1969). 
This chapter continues as follows. Section 2 discusses the 
state of our current knowledge about the composition and form of 
the solid grains present in the interstellar medium. Section 3 
explains the aims of the present study, while Section '4 presents 
new observations of three reddened stars: j' Ophiuchi 55 Cygni 
and ,'C Aurigae. In Section 5 these new observations are examined 
to determine which of the observed features are real and which 
obviously instrumental, while the interpretation of the real 
features is dealt with in Section 6. Section 7 draws together 
the conclusions of the chapter and suggests what further work might 
profitably be undertaken. 
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2. mhe extinction and polarisation of starlight by interstellar grains 
The many fields of research collectively referred to as the 
the study of the interstellar medium constitute without doubt one 
of the major divisions of Astronomy. Its results are vitally 
relevant to some of the most fundamental questions that Science can 
ask, including for example those of the future history of the 
Universe and the origin of Life. Of the very large number of papers 
published every year in this field, possibly 10 to 15% are directly 
relevant to the present work. It is these papers that this section 
seeks to review. The subsections below concentrate on the available 
evidence on the nature of the grains which cause the observed 
extinction and polarisation. An attempt is also made to summarise 
the conclusions about the grains that have been deduced from this 
evidence. The section is intended to be the selective introduction 
to the literature necessary as background for the rest of this 
chapter. Recent reviews are given by MERRILL (19 ?9), STAGE and 
MATHIS (1979) and 1EITTET (1981). Savage and Mathis also give 
references to a number of other review.: on closely allied subjects. 
2.1 The extinction curve 
Light passing through a particulate medium will either be 
absorbed or scattered by it. Both processes will remove light from 
the beam, and so we are concerned here with their sum - the extinction. 
The dependence of the extinction cf the interstellar medium on 
wavelength is described in three sections corresponding to the visual, 
ultraviolet and infrared regions of the spectrum. 
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2.1.1 Visual extinction 
As previously mentioned, the wavelength dependence of extinction 
in the visual region roughly follows a ñ law (STEBBINS et al, 1939; 
IHITEORD, 195e). The dependence is normally shown as a plot of 
E( it - V) /E(P - V) against wavelength, where E(B - 'ï) is the 
difference between the observed colour (B - y) and the instrinsic 
colour (B - y) of the background star before reddening, and E (IX - '') 
is a similar quantity for the wavelength in question. Clearly the 
curve takes the values zero at `' and 1 at B. The amount of extinction 
(in magnitudes) at a particular wavelength, AA , is given by; 
?0_ 
( ?_- ) + _. E ( (2.1.1.1) 
where B is termed the ratio of total to selective absorption, since 
when ^ refers to the V band: 
AT /E (B V) (2.1.1.2) 
A large number of studies have sought to determine whether the 
form of the extinction curve depended on the direction of 
observation (e.g. IAIDY, 196/1; 1 AT DY, 1967; JOHNSON, 1977; 
PEP?STOI: et al, 1975) . Because of the normalisation chosen the 
shape of the curve itself appears to be only slightly variable (see, 
for example, JOHNSON, 1968) and attention was concentrated on the 
normalisation constant, R. Knowledge of the correct value of this 
parameter to use was important because it related the observeable 
quantity, E (B - V), to the unknown Ajr, (thruugh 2.1.1.2 above) 
and hence led to the determination of the distance to the star under 
consideration. Claims were made for large variations in the 
appropriate value of R for particular regions (the 'average' or 
'canonical' value being close to 3) (VAI1 BREDA and :THITTET, 1977) . 
The method used to find these values of R involved obtaining infrared 
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measurements of the reddened star or stars and of comparison stars 
to as long a wavelength as possible. The comparison stars were 
chosen to be of the same spectral type as the program stars and 
were assumed to be unreddened. The extinction was then derived 
by straight division of the two spectra. As the extinction falls 
to zero at infinite wavelength, the value of E ( V) /E (B - V) 
extrapolated from lower wavelengths with the help of the best fitting 
theoretical curve will give the value of R directly. (There are 
also other. methods, see JOHNSON, 1968). This method is however 
seriously affected by the presence of infrared emission by circum- 
stellar dust, and by nebulosity (S OI IDT- I {ALER, 1967). The present 
picture is one of real, but somewhat smaller, variations of R with 
direction than previously thought (AANPESTAD and PURCELL, 1973; 
WHITTLE, 1977). 
The most obvious feature in the visual extinction curve is 
the apparently sharp change of slope in the region of 2.25 - 2.3J11í 
(WHITFORD, 1958; ITANDY, 1964-; UNDERHILL and WALKER, 1966; HARRIS, 
The exact location of this 'knee' in the extinction curve 
has been a matter of debate and may in fact be variable. Other 
filatures are apparent. Besides the very sharp lines attributed to 
the interstellar gas (MUNCH, 1968) a large number of diffuse bands 
also appear. Discovered by MERILL (1934), these vary in width 
from 1 R (e.g. %5797 R) to nearly 30 Á for the strongest band at 
4430 á (wu, 1973). Various parts of the spectrum have been 
searched for these bands. HERBIG (1975) covered the range 4400 - 
6850 R and 3000 - 4400 ñ (IERBIG, 1967). SANNER et al (1978) 
extended the range by searching between 6500 R and 8900 Á, while 
SAVAGE (1975) covered 2200 R to 3600 á and S1OW et al (1977) 
looked between 1114R and 1450 R. Except for the possible features 
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-1 
at 3970 R (HEREIG, 1971) and 1416 4 (S :C r et al, 1977), the 
diffuse band of shortest wavelength is at 4430 R. High resolution 
and correlation studies of these bands include those of: WIT (1973) 
( 9e4k 5780, 5797) ; SAVAGE (1976) (10780); DANKS and LAMBERT (1976) 
(7j%15780, 5797) ; WELTER and SAVAGE (1977) ( 6379, 6614) ; 
DANKS and LAMBERT (1975) ( %4430): and MARTIN and ANGEL (1975) 
( %4430). A compilation of a number of previous catalogues reduced 
statistically to a common system was given by SNOW et al (1977), 
and further correlation studies have been made by SCHMIDT (1978) 
on the 5780 R band and SCHHIDT- KLALER (1980) on the 628k R band, 
amongst others. The following conclusions -were reached by these 
studies. 
(i) Some of the diffuse bands appear to have symmetric profiles 
(e.g. %4430, %6379) while others are definitely asymmetric 
( 115780, 5797, P16614). 
(ii) There is a good correlation between the strengths of the 
diffuse bands and the reddening, E (B - V), but such 
correlations are not as good as the intercorrelation of the 
various bands one with another. HERBIG (1975) attributed 
part of the scatter in the plot of diffuse band strength 
against colour excess E (B - 7) as being due to the fact 
that the aforementioned 'knee' in the extinction curve near 
4400 R fell within the "B" band. He suggested that plots 
using infrared colours might show a better correlation. 
This was found not to be the case (SEED= et al, 1978) . 
High accuracy studies show a definite intrinsic scatter in 
the dependence which is not attributable to instrumental 
error (SCHMIDT-n=13, ^R 1980). Although the intercorrelation 
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The Interstellar extinction curves which generally 
define the envelope of all such curves so far obtained. 
From BLESS & SAVAGE, 1972. 
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discordant ratios (7U et al, 1977). The correlations with 
the 2175 Á feature and far ultraviolet extinction are 
similarly imperfect (see on) and not better than the 
correlation with the HI column density (NU, 1972). 
(iii) Diffuse bands are systematically weaker (with respect to 
the reddening) in stars with circumstellar shells, in 
reflection nebulae and in dark clouds, and are stronger in 
high velocity, low density clouds. This last conclusion 
has been challenged by recent work (tiHITTET and BLADES, 
1980; BLADES and SOTER''ILIE, 1977) 
. 
Besides the 4400 R 'knee' there are other broadband variations 
seen in the extinction curve. HERBIG (1975), in the same paper in 
which he discusses the diffuse features, also shows that there are 
broader but weaker absorptions present. These have widths 30 - 
100 Q. There is also Very Broadband Structure (VBS) present, on 
scalelengths of 1000 R and more (WHITEOAK, 1967; WALKER, 1967; 
HAYES et al, 1973; REX, 1974; REX, 1976; SCHILD, 1977; TAI: BREDA 
and WHITTET, 1981) . The main feature. i:1 the VBS is an apparent 
'emission' or 'window' centred around 1.8 /A. 
-1 
, the depth of 
which correlates loosely with reddening. The difficulties 
associated in the measurement of the features probably account 
for most, if not all, of the scatter. 
2.1.2 Ultraviolet extinction 
The extension of the extinction curve into the ultraviolet 
(3600 R to 1100 R) produced a number of surprising discoveries. 
Figure Cl shows the derived exinction curve in the range 1 to 10 1. 
The most apparent feature,is the 'hump' at 4.6)0. 
-1 
(2175 Á) of 
width 1/ 1 depending on definition. It was originally discovered 
STE^PER (1965) and well studied by BLESS and SA -TALE (1972) . 
11g 
Albedo measurements of the diffuse .^;alact' c light (LILT.T7 and 'TIIn, 
1976) show this to be a. pure absorption feature. The other noteable 
feature is the rapid rise in extinction in the far ultraviolet. 
The 2175 9 feature is found to be well correlated with 
E (r - ,r) (.7A?T1T et al, 1975) , but not so well correlated with the 
4430 R diffuse band (DOBSj E et al, 1977;TiAlTKS, 1980; SCHMT7T, 
1978; PT, 1972) . The strength of the far ultraviolet extinction is 
not particularly well correlated with the 2175 R absorption (FAY_', 
1979; BLESS and S6,''q 77; 1972), nor with the diffuse band at L430 3 
(`.'II et al, 1077). Tn the Lare r'agellanic clou:?, the 2175 Q feature 
seems to be a little weaker, and the far ultraviolet extinction some- 
what stronger in some locations with respect to the mean curve for 
tar own 7alaxy (::AIrD`.:' et al, 1980) . Differences in the ultraviolet 
extinction relation with the direction of observation within the 
Gala: ; also seem to occur (KOO Nn EF, 1978) . There are several 
well cases anomolous 2175 Q strengths with respect 
to reddeni na. In particular both ® ' andpOrioni s show a weak 
feature (S_1 CE, 1975) while four stars in the Cass-Tau association 
show an unusually strong absorption (LICRALES et al, 1930). In one 
star the 2175 R equivalent width is about three times stronger than 
would be expected from its reddening. Several 7olf-- 7.ayet stars 
show enhanced 2175 Q absorption: 17) 193793 (a.:::12- and SIT}:C, 
1979); =192163 (7ILLIS and 7_173,0:, 19 (5) and íD156335 MITT= et 
al, 1979) . 'r :ITT:T et al (1979) have shown that one of these 
.Tolf -navet stars (HD192 13) has diffuse band strengths consistent 
with the reddeni_n^;. I"ILLA (1979) has studied the correlation of 
the strength of the 2175 R band with carbon depletion (i.e. in the 
Fas) in the line of sivht, and finds that the band declines in 
strength as carbon depletion increases. 
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?.1.3 Inrrered extinction_ 
ì_2.i.' infrared features seen in emission and absorption in the 
spectra of various astronomical courses are attributable to the material 
in the interstellar medium. The best knowl. is seen at a wavelenzth of 
In_ the Er object, it is a broad, assyinetri c band, extending to 
13/,{on the long wavelength side. It appears in lines of sight 
containing diffuse clouds (T7OOL7, 1973), moiecular clouds (=SON et 
al, 1976) and oxygen -rich circumstellar shells. (_T TTIL and rT2T,'; 197'). 
In the latter it sometimes occurs in emission at calculated grain 
temperatures of up to 1000°C (=AI? an . 71L:3 ", 1930) . It does not . 
arDear in the spectra of carbon -rich stars vith circumstellar shells, 
or Dlanetar-r nebulae (which are also assumed to be carbon -rich) . 
further feature is seen at ̂ '3.1p This is again broad and assymetric. 
Tr pI -, the lor_v Travelenr. th wing stretches to 340.. Cdr . However this is not 
seen it the diffuse medium, but only in the dense clouds. It does not 
appear in circumstellar shells or in the spectra of reflection nebulae. 
Other features that will be mentioned later include a weaker 
band at 18r1 often found in association with the 9.7 band, and a band 
at 11.2`u.which is only seen in the circumstellar shells of carbon -rich 
stars. The spectra of planetary nebulae (e.g. P'GG 7027) often show 
a number of emission features including structure at 3.3, 3.4, 6.2, 
7.7, 9.7 and 11.3µ(*RRILL, 1977) . 
2.2 Linear and circular polarisation 
The dust grains present in the interstellar medium polarise 
the lisrht passing though as well as attenuating it. The implication 
must be ths:.t the ^.rains are non -spherical 
and aligned. Surveys of 
the polarisation of stars have been carried out by KRUSZT'!Si I (1962) ; 
S TYO'.rn:,I (1965) ; 'TTS, ;r n-, ATHA'? (1966) ; SE KO JSI'I (1968) ; :AT .y.', SCI; 
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and FC7.D (1970) ; COTTE et al (1974) ; SERKO'JSKI et al (1975) ; 
APPEN'ELLER (1968). The observations suggest an upper envelope 
for the ratio of polarisation to reddening given by 
g.r /E (B - V) 4, 9 (% per magnitude) (2.2.1) 
SERKOWSKI et al (1975) have shown that the dependence of linear 




= - r_ 1n2 ( Ì1 jrok 
max.) 
(2.2.2) 
where k was found to average 1.15, and /X 
max 
is the wavelength 
at which the polarisation reaches a maximum value (p ). 
max max 
varies from about 0.3e to at least 0.8/A (for example, for -I 
Cyg No 12, 
max = 0.33p (=KING et al, 1980) , whereas for 
HD 147899, 
max 
= 0.80fk (â :pYOTISKI et al, 1975). It is noteworthy 
that the equation holds well for values of A max over this range, 
and when p 
max 
is small or large. The wavelength coverage has been 
extended into the ultraviolet by GE}ffiELS (1974) who showed that 
the 2175 R absorption feature was not polarised in Zeta Ophiuchi. 
Infrared observations were obtained by DYCK and JONES (1978) and 
=KING et al (1980). The latter observations showed that if 
equation (2.2.2) were modified to 
In (P /Pmax) 1.7 a max ln~ (ÌP i max) (2.2.3) 
where 
^ max is in microns, 
a better fit was obtained for polarisation 
measurements with large or small 1A max. Occasionally reports of 
structure in the polarisation curve have been presented ( ?TOLSTETTCRO T 
and NANDY, 1971; NAVK0 et al, 1974) . These have in general not been 
confirmed. SE KO wSKI et al (1975) have also pointed out that % max 
appears to be closely related to R, the ratio of total to selective 
absorption. When extinction curves are normalised to %1 max 
the 
1R 
curves are in much better agreement (SERKOwSKI et al, 1975). By 
excluding stars showing evidence of circumstellar material, 
WHITTET and VAN BREDA (1978) tightened up this relationship and 
showed that ,max is in fact a better predictor of R than the 
photometric methods normally used to determine this quantity. 
Recently surveys to find stars not strongly polarised have been 
carried out (TINBERGEN, 1979; TINBERGEI , 1981; KRAUTTER, 1980). 
In the infrared, the 9.71k band has been shown to be polarised 
in the BN object (DYCK and BEICHMAN, 1974) and towards the 
Galactic centre (CAPPS and KNACKS, 1D76; KNACKS and CAPPS, 1977). 
While it had been realised that the rotation of position 
angle with wavelength implied a rotation of the angle of alignment 
of the grain axes along the line of sight (GEIELS and SILVESTER, 
1965), the smallness of the circular polarisation that consequently 
arose was responsible for the delay in its detection (SERKOWSKI, 
1965; KEMP, 1972). It was found possible to derive the observed 
wavelength dependence of the circular polarisation from that of 
the linear polarisation, using the Kramers- Krónig relations (see 
for example LIPSON and LIPSON, 1969) (SHAPIRO, 1975; MARTIN, 1975). 
Several surveys for circular polarisation in reddened stars have 
been carried out (STOKES et al, 1974; MARTIN and CAMPBELL, 1976) . 
Various attempts have been made to see if polarisation 
changes occur across the diffuse bands. Early reports suggested 
that variations do occur (.;AIRY and SEDDON, 1970, 1973), but, 
more accurate studies show that the features a e unpolarised 
(A'HEARN, 1972; MARTIN and ANGEL, 1974, 1975; FAELI Ai; and WALKER, 
1975). 
Aft 
2. The composition of interstellar grains 
Using the Mie theory of scattering, theoretical extinction 
and polarisation curves can be produced for comparison with the 
observations. The input parameters to these calculations are the 
optical constants n and k of the grain material, their shape and 
size distribution and, if non -spherical, the degree and method of 
alignment of particle axes. (We use the notation m = n - ik to 
denote the complex index of refraction.) Exact calculations are 
possible for spheres and infinite cylinders. If the polarisation 
curves are to be fitted then cylinders must be used, though the 
extinction produced by cylinders is similar (within 20¡) to that of 
spheres with the same diameter. The same holds true for thin 
discs.(GREEIdBEHG, 1968). Calculations for infinite cylinders are 
a good approximation for grains with an axial ratio greater than 
about 2 (G E?7:70 , 1968). Occasionally, other shapes have been 
used. SHAPIRO (1975), for example, used thin 'platelets' (oblate 
spheroids) of magnetite (Fe30k) as the material occurs in this 
form in meteorites (JEDTrr^B, 1971) . The imaginary part of the 
complex index of refraction, k, characterises the behaviour of a 
material at a particular wavelength as dielectric (k 0) or 
metallic (k > 0). Materials with k % 0.1 have an appreciable 
metallic character. As mentioned in section 1, the visual extinction 
observations can be fitted with rather general collections of 
dielectric or metallic particles. This is because scattering 
processes (i.e. those involving n rather than k) dominate in 
causing the observed extinction and polarisation. At present the 
visual polarisation and extinction are thought to be caused by 
aligned dielectric grains of radius # 0.151. The derived radius 
is dependant on the refractive index (and hence specific material) 
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assumed. The scattering efficiency of a Frain scales with the 
parameter (G E,Er. .-,:O 196¢) 
Tr a (n-1) 
ik 
(2.3.1) 
where a _s the radius of the grain, n its refractive index and A 
the wavelen:;th of interest. The: above value for the radius was 
derived assuming n = 1.66, a value appropriate for terrestial 
silicates. If it is assumed that 'ices' of various sorts make 
up the scattering particles, with n ^e 1.33 
, 
it is easy to see 
from (2.3.1) that the particles would need to be about 0.3/0. 
in radius to fit the observations (Nc?':ILLAN, 1978) . If metallic 
or graphite grains were used to fit the observations, they would 
be a lot smaller (0.05/4). 
Evidence that the scattering grains are dielectric comes 
from several sources. Observations of the diffuse galactic light 
(LILLTE and WITT, 1976) and of reflection nebulae (MORGAN, 1980) 
suggest that the interstellar grains are non -isotropic scatterers 
in the visible. '°Thile both iron and graphite grains would scatter 
almost isotropically, dielectric particles could fit the observation 
( SPITZER, 1968). Observations of certain stars (eg j Ophiuchi) 
seem to show large depletions of certain elements with respect to 
cosmic abundance. The measurement imply large depletions not only 
of the light metals (Mg, Ca , Na) but also of 0 and N. Since 0 and 
r are cosmically abundant, it is necessary to postulate the existence 
of large amounts of H2O and NH3 ice in the medium. It would be 
natural to associate these ices with the interstellar grains. As 
will be discussed below, the circular polarisation observations also 
strongly indicate dielectric grains. 
The visual observations of extinction and polarisation 
allow dielectric grains of almost any composition as long as the 
n71 
refractive index of the material remains sensibly constant in the 
visual and near -infrared. This latter constraint arises from the 
observed validity of the Serkowski curve to describe the linear 
polarisation according to certain authors MARTIN, 1974; GREEKBERC, 
1979). When the 9.7pL infrared band was originally discovered 
it was remarked that terrestrial silicates exhibit a strong absorption 
here (W0OLF and my, , 1969) . However cosmic abundances rule out 
silicates forming the whole of the grains, and .core- mantle models 
are more likely. The core could be silicaceous, of rar?ius m0.05itk 
and the mantle might be composed of 'dirty' ices (CH4, NH3, H20), 
of thickness 0, 0.12 (GREET ERG, 1978) . Cxygen -rich M -type 
supergiants often show the 9.7e. band which arises in the circum- 
stellar shell. Such stars are thought to be producing silicate 
grains and ejecting them into the interstellar medium. The dirty 
ice mantle might then condense onto these silicate cores in one of 
the dense molecular clouds. Photodissociation and photoionization 
processes might cause more complex molecules to form in the mantle, 
such as formaldelyde polymers (polyoxymethylene: ROCHE (1972); 
WICK_RAMASINCHE (1974, 1975) ; COOK and WICKRAMASINGHE (1977).;, 
HHITTET et al (1976)),'thiolins' (SAGAN and KHARE, 1979) or the 
intractable polymer of KNACKS (1977) that is found in the 
meteoritic carboneceous chondrites. 
The latest studies of Oxygen depletion in the line of sight 
to 5 Ophiuchi (DE BOER, 1979) show that only about 5% of this 
element is missing rather than the 70% previously thought. The 
measurement allows (but does not require) a depletion of oxygen 
consistent with silicates alone. Several mixtures of uncoated 
particles have been proposed (GILRA, 1971; MATHIS et al, 1977). 
In order to be consistent with cosmic abundances, GILRA (1971) 
suggests that Silicon Carbide is an important constituent, while 
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NATT,IS et al (1977) have silicon and graphite particles contributing 
roughly equally to the extinction in the visual. 
Strong support for the visual polarisation being produced 
by grains consisting of at least some silicates comes from polarisation 
measurements across the 9.7/4 band in the infrared. A clear increase 
in the polarisation is seen across the band, indicating that the 
feature arises in polarising grains (DYCK and EEICHNAK, 1970 
various workers have attempted to reproduce this band in the 
laboratory using samples of various sorts of silicates, (together with the 
1811k band which is also attributed to silicates). Crystalline 
silicates, such as olivine, and pyroxine do not give good fits. 
These compounds show sharp absorption resonances occuring on top 
of the broad feature. The best fits are made with submicron 
particles of amorphous silicates (KRATSCH ER and HUFF MAN, 1979; 
DAY, 1979), but even here it is difficult to convincingly produce 
the 18/L feature at the correct wavelength and strength. MILLAR 
and DULY (1978, 1980) have suggested that both the 9.7ipit and 18 /bands 
arise in small metal oxide particles (MgO, CaO, SiO, Fe0). The 
9.7/4 absorption is caused by SiO while the 184/4 feature is 
attributed to Mg0. Several authors have considered the ratio 
Visl "Itt for amorphous silicates. Laboratory measurements 
suggest that the ratio should be of the order (1:1) (DAY et al, 
1970. However, the observed ratio in the few objects for which 
such a comparison is possible (e.g. VI Cyg No 12) show the ratio 
may be as high as 20:1 (RIEKE, 1970. It is concluded that silicates 
are not a major contributor to the extinction in the visual. The 
band in astronomical sources may be weaker than is observed in the 
laboratory. Measurements of meteoritic silicates give a weaker 
9.7. feature (FRIFDEMANN et al, 1979) , and porous or "fluffy" 
particles would also produce more visual extinction per unit 
i 
absorption at 9.7& ( BLAI CO and BUSSOLETTI,. 1980) . Figure C2 shows 
such a fluffy particle collected from the interplanetary medium. 
Finally, if a component of the dust in the observed sources were 
showing the feature in emission, the apparent strength of the 9.7,*. 
band would be reduced (GILL:^TT et al, 1975). If these attempts 
to reconcile the visual extinction and the 9.7p. feature are 
unsuccessful,models (such as that of llATHIS et äl,(1977)) that 
use a substantial contribution from silicates in the visible may 
have to be reconsidered. 
The infrared band at 34. is usually interpreted as being 
due to water ice, which has an absorption_ at 3.07r.. LEOT et al 
(1979) have matched the short wavelength side of the profile 
with laboratory measurements of amorphous ice. The lone wave - 
lenrth 'tail' may due to the C - H band stretching absorption 
at 3.414.. . However the ice band is only seen in dense clouds, and 
the problem then is: if core - mantle particles exist in the 
diffuse clouds, of what do they consist, if not of water ice? 
GREEIBERG (19 76) suggested that the H2O was photolysed to form OH 
radicals which are unobserveable. Photolytic processes might also 
process the material of the mantle to form complex molecules 
(GRE =ERG, 1979). All organic molecules containing C - H bands 
produce an absorption around 3.4r., but this band. has only been 
detected along a few lines of sight (e.g. Galactic centre, 
rI2 :7 1.. SINGIB and ALLEN, 1980)). However the strength of the 
band is very dependant on the particular organic materials giving 
rise to it. Tholins ( SAGAI' and KKARE, 1979) chow only a weak band, 
while the 'intractable polymer' (KNACKE, 1977) exhibits a strong 
feature. The lack of obvious absorption at 3.4104. is hence not a 
strong argument against the existence of complex orgaiíic molecules 
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Figure C2: Example of a fluffy particle, collected at a height 
of 
27 km over Mildwa, Australia, on March 16, 1971. From 
Millman, P.M. ( "The Dusty Universe" ed.G.B. Field 
and 
A.G W. Cameron, Neale Watson, New York, p185). 
making up or being part of mantles on the polarising grains. 
It has been suggested that the 3p t 9.7p features 
arise in complex polysaccharides (HO`_LE and '.!IKR ASINC E, 1977) . 
Reasonable fits can be made to the observed profiles in EN 
( ;1TICIcR<AYASING T and HO`_'LT., 1977) . It is difficult to see however 
how the wide ratio in the strengths of these bands could be 
accommodated with this model (EGAD and HILCEMAP;, 1978). 
The circumstellar shells of carbon -rich stars do not 
show an absorption at 9.7)4 but do exhibit a feature at 11.21. 
This is attributed to Silicon Carbide (áiC) (T?FFTRS and COIN, 
1974). Graphite is also thought to condense in the atmospheres 
of these stars then to be ejected by photon pressure. It has been 
remarked (LENIS and NEY, 1979) that in a number of objects, grains 
appear to condense at temperatures around 1000 0C (e.g. Novas, 
:1oif -Rayet stars). In some of these the 9.714 silicate band is 
seen and the condensate is presumed to be silicaceous. In others 
it is not and the dust is thought to be graphite. It seems 
curious that the temperature of condensation is similar for the 
two types of grain. Lewis and Ney suggest that condensation is 
initiated about nuclei of Fe (in oxygen -rich stars) and Fe3C (- Iron 
carbide cohenite, in carbon -rich stars). Both these substances 
would form condensation nuclei around 1000 °C. Other objects, such 
as the planetary nebular 1GC 7027, show a number of infrared 
emission lines which are thought to be fluorescence from grains. 
These have been identified by comparison with laboratory spectra 
of a solid mixture of H90, CO , 0í30I., .CH4, NH3, C2H2, N0 (ALLAMANDOLA 
and NORMAN, 1978; HATT et al, 1980). The lines are broad suggesting 
an origin in grains rather than in the gas. In particular, the 6.2,14 
and 11.3 features are ice bands (ALLANÁNDOLA and GR E BERG, 1979) 
rather than arising from the C C double band in a polymerised 
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organic compound (K ACKE, 1977), or carbonate respectively. If 
the 11.3( band had been carbonate, a stronger band at 7/u. would 
have been seen (DORSCPNER et al, 19R0). The band at 3.3'4 is 
identified as being due to solid (rather than gaseous) methane 
0I14) (ALLAMANDOLA and GREET BERG, 1979) . DULEY (1979) has suggested 
that some of the unidentified lines in the emission spectra of 
planetary nebulae in the visible are caused by fluorescence of 
zero -phonon lines arising at defect centres in small grains of 
MgO and CaO. The author supports the idea that the observed 
diffuse bands are also zero -phonon lines (see on), and so we are 
in effect seeing the diffuse interstellar bands in emission. In 
emission it is the sharpest bands that should be the most obvious. 
The major features to explain in the ultraviolet are the 
2175 'lump' and the high very short wavelength extinction. A 
number of theories have been put forward for the 2175 0 absorption, 
but it is generally agreed that the symmetry of the feature implies 
that it arises in small grains (a < 0.02p ). GILRA (1971) has 
argued that the absorption is due to collective processes in 
small near -spherical particles, rather than in transitions associated 
with multiple Carbon -Carbon bands in graphite ( ?tiiI'RANASINCHE, 1967) . 
Such a resonance will occur at a wavelength close to F,= -2, 
where e, is the real part of the dielectric constant. The resultant 
band is rather dependant on both the shape and size of the particles 
and the very similar location of the peak wavelength (- 40 R, 'BLESS 
and SA`IAGE (1972)) would imply that the graphite grains found 
along different lines of sight are of very similar shapes. Naturally 
by varying the number of graphite grains and the size distribution 
a good fit can be made to the observed profile (GILEA, 1971). 
Porosity ('fluffy' grains) can also widen the feature (BLANCO et 
al, 1980), while the near -sphericity of the grains implied by the 
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peak wavelength and the difficulty of aligning graphite grains 
presumeatly explains the absence of polarisation in the band. 
GEHRELS (1974) has pointed out that other organic molecules 
contäining the carbon- carbon double band might give rise to the 
2175 R feature. The absorption would be particularly strong in 
compounds containing - C = C - C = C - or - C = C - C - A, . In 
particular HOYLE and dICKRAMASINGHE (1977) have suggested that the 
observed absorption is due to a sharp feature of bicyclic 
nitrogenated compounds (C8P6:L2, for example) on top of a broad 
feature formed by graphite in the manner discussed above. It is 
not clear how the considerable quantities of these compounds would 
be formed, though cosmic abundances would impose no constraints. A 
different suggestion is put forward by RUDKJ BING(1978) who 
attributed the band to an autoionization resonance in a photoionization 
continuum of 0-. The 2175 R feature hence arises in the interstellar 
gas rather than the grains, and since it involves the destruction 
of 0-, an efficient mechanism must be invoked to regenerate the 
ion. As has been pointed out by KUMAR (1978) in connection with the 
diffuse bands a critical test of such a mechanism would be to 
observe the 2175 Á feature in the line of sight to a supernova. The 
pulse of electromagnetic radiation should upset the equilibrium 
and greatly weaken the feature. HUFFMAr and STAAP (1971) suggested 
that the 2175 R band is caused by an absorption edge in silicates. 
However with this mechanism the position and shape of the band is 
very dependant on the size distribution. It also gives a 'flat - 
topped' and asymetric profile, neither of which is seen in practice. 
DULEY (1976) is of the opinion that the 2175 Q absorption arises from 
02 ions located at defect centres in very small grains of radiation- 
damaged metal oxides or silicates. J'IILLAR (1979) interprets the 
lack of correlation of carbon depletion with the strength of the band 
as evidence for this interpretation. Howevr, grains as small as 
these will not accrete (GP. _ iG, 1968) and so a relation would not 
be expected even with the graphite or organic molecule interpretations. 
The continuing increase in the extinction curve into the 
ultraviolet is attributed to large numbers of very small particles 
(0.00511//&, if silicate, GREENBERG (1973)). Particles at these sizes 
are at the limit of validity of the Hie theory and bear more resemblance 
to the molecular aggregates of PLATT (1956) . STEPHEPNS ( 1980) has 
shown that if these particles were amorphous silicates, the optical 
depth in the far ultraviolet is consistent with the strength of the 
9.7,. infrared band. Possibly, the particles could be fragments of 
mantles from other grains which had 'exploded' perhaps by the exothermic 
reaction of free radicals (GREENBERG and YENCHA, 1973). 
Serkowski's analytic representation of the wavelength dependence 
of linear polarisation has been very useful as a means of summarising 
linear polarisation measurements on reddened stars. It is usually 
written in a slightly different (but clearly equivalent) form to 
that shown as equation (2.2.2) 
P (í2) = Amax exp ( -k 1n2 ( %1 max A)) (2.3.2) 
'Mile this is a purely empirical curve, the parameters that characterise 
it (Am 
ax 
and k) can be interpreted in terms of the properties of 
the interstellar medium. The significance of a change in. 
max 
from its mean value (around 5500 R) to a larger value (say, 6000 2) 
can be seen directly from equation (2.3.1). An increase in /1 max 
by 105 implies either an increase in grain radius by 10¡ or a 
corresponding change in (n - 1), for example from 1.6 to 1.66. 
Observations show I 
mar. 
to vary by more than a factor of two, from 
3300 R (TTI Cyg I +o 12) to 8000 2 (Walker 67, WILKINO et al (1930)). 
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Increases in n 
max appear 
to be directly related to the observed 
depletion óf heavy elements in the gas (CARRASCO et al, 
1973). If the grains are accreting 'Am 
ax 
would increase as 
the grains became larger and would hence correlate with the 
depletion. Since R, the ratio of total to selective absorption 
is also correlated with grain size (MCMILLAN, 1978) , the simple 
correlation between them is understandable (WHITTEr and VAN BREDA, 
1978). k is a measure of the 'sharpness' or halfwidth of the 
polarisation curve. As k increases, the halfwidth decreases. 
Because the wavelength interval over which visual and near infrared 
measurements can be obtained is relatively small, a change in k does 
not lead to a large difference in the observed dependence 
of polarisation. For y Ophiuchi, max = 1.55 and max = 6000 R. 
Changing the value of k from 1.15 to 1.25 would lead to the polarisation 
measured at 3000 Q decreasing from 0.865 to 0.82%, and the 
polarisation measured at 2.2e decreasing from 0.225 to 0.18¡. The 
width of the curve is dependant on a number of factors, the most 
important of these being the width of the size distribution of 
the grains, the degree of alignment of the grains and the grain 
shape and composition (GREEPNBERG, 1968). WILKING et al (1980) 
found a relation between k and ?max, namely 
k = 1.7 
max (2.3.2) 
The authors interpret the relation in terms of prolate grains 
becoming more spherical as they accrete, or possibly in a narrowing 
of the size distribution as the mean grain size increases. Their 
discussion shows how few observational constrains there are on 
grain models. It is interesting to note that if changes in a 
max 
were due to changes in the real part of the refractive index, a 
relation similar to the above would be observed. With this 
explanation one might need to think of low index ice grains 
'fossilising' in interstellar clouds by replacement with heavy 
elements. Perhaps luckily, this mechanism probably would not give 
the observed range of k. 
Equation (2.2.1) puts an observational lower limit on the 
polarising efficiency of a grain model which is dependant on both 
the properties of the grain material and on the degree of alignment 
of the grain axes in space (3ERKOWSKI et al, 1975). Two sorts of 
alignment are commonly used in modelling: "picket fence" alignment, 
where static cylinders are all lined up with their axes parallel to 
each other; or "Davis- Greenstein" alignment where the cylinders 
spin very rapidly about a short axis and these short axes are 
aligned parallel to the local magnetic field (DAVIS and GREENSTEIN, 
1951). Yhile the former is assumed merely for computational 
convenience, the latter is generally accepted as describing the 
reality of the alignment process. DAVIS and GR EENSTEIN (1D51) 
presumed that the grains would rotate at a rate consistent with their 
temperature and the principle of equipartition of energy. Para- 
magnetic relaxation (for dielectric grains) would then align the 
spin axes with the local magnetic field. The theory has been 
extended to ferromagnetic particles by HENRY (1958). The problem 
is in g'nerating the required amount of polarisation per unit 
reddening. With the strength of the magnetic fields found in the 
general medium, and the temperature of the grains estimated by 
energy balance considerations, the Davis -Greenstein mechanism does 
not give a good enough alignment to allow dielectric grains to 
produce the observed polarisation per unit reddening. Several 
solutions have been proposed involving either improving the align- 
ment of the grains or increasing the polarisation produced. Graphite, 
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which acts as a dielectric or a metal depending on the plane of 
orientation, was suggested by CAYREL and SCHATZMA: (195L) to 
increase the amount of polarisation. Magnetic materials increase 
both the degree of alignment and the polarisation produced. 
Magnetite (Fe304) was proposed by SHAPIRO (1975) and shown to 
roughly fit extinction and both linear and circular polarisation 
observations within the constraint of cosmic abundance. T_t is 
possible to achieve considerably better alignment by incorporating 
magnetic impurities into dielectric particles (JONES and SPITZER, 
1967; MATHIS, 1979) or using superparamagnetic ferrous oxide (Fe0) 
(DULE`_', 1978) . Finally if the speed of rotation of the cylinders 
is increased, the aligning torque will be increased leading to 
improved alignment. A number of ways of achieving 'suprathermal' 
rotational velocities have been proposed (PURCELL, 1A74; PUR`ELL, 
1979; SPITZER and McGLYITI,, 1979) . The grains achieve near perfect 
alignment in this model. At the present time therefore it is not 
unreasonable to assume perfect or near -perfect Davis -Greenstein 
alignment when fitting models to the polarisation observations. 
If the position angle of alignment of the grains varies 
along the line of sight due (presumeably) to variations in the 
galactic magnetic field, circular polarisation can be produced. 
The interstellar medium is acting as a waveplate, converting linear 
to circular polarisation. The wavelength dependence of the circular 
polarisation can be derived from the linear polarisation by the use 
of the hramers- Nrönig relations (see e.g. LIPSON and LIPSON, 1969). 
These relate the real and complex parts of the refractive index 
and hence also connect the birefringence and dichrois:n of the 
medium (MARTIN, 1975). The observations of circular polarisation 
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show a change in sign at a wavelength, Ac, close to ¡lmax for 
the linear polarisation. MARTIN (1972) has shown that for a 
dielectric grain material, A 
c 
should be equal to Am 
ax 
. The 
observations suggest that in general this is very nearly the case, 
the ratio 'Ì1c kax equalling 1.00 0.03 (MARTIN and ANGEL, 
1976). This is regarded as strong support for the dielectric 
nature of the grains. SHAPIRO (1975), however, by using magnetic 
grains to successfully model the linear and circular polarisation 
curves, has shown that certain metallic materials can reproduce 
this ratio. MARTIN (1975) has calculated polarisation curves 
with magnetite using a size distribution to fit the linear 
polarisation measurements, and rules out this particular material 
because it produces too much structure in the linear polarisation 
rl and gives a ratio /\cl ̂  max = 0.87. Observations of circular 
polarisation also give information on the galactic magnetic field 
MARTIN and CAMPBELL, 1976). 
If the properties of the grains vary along the line of sight 
(i.e. k orriN max changè, as well as the angle of alignment of the 
grain axes, the position angle of polarisation will show a wavelength 
dependance. If only grain size (^ max) varies, the wavelength 
variation will be monotonic(section 6). This property has been 
used to select stars which might exhibit circular polarisation 
(STOKES et al, 1975; McMILLAI, 1977). Measurements of position 
angle also give further information of the variation of grain 
parameters along the line of sight (SERKOWSKI, 1962; MARTIN, 1974; 
NEE and JOKIPII, 1979; NEE, 1980). 
The origin of the diffuse interstellar lines is still very 
much an open question. The discussion of the last few pages has 
shown the necessity for several different grain populations in the 
interstellar medium. Small (0.02/w) grains of graphite are needed 
to produce the 2175 R absorption, very small grains (0.005) are 
required to give the large far ultraviolet extinction, and large 
grains (0.1540L) are needed to explain the visible extinction and 
polarisation. Which of these, if any, is the carrier of the diffuse 
bands? The features are generally thought to be formed on or by 
the grains because of their width, though some molecular transitions 
can produce broad bands. The lack of any variation in the continuum 
polarisation across the bands rules out their association with the 
polarising grains. If the polarising grains do not produce all 
the visual extinction, the grains responsible for the remainder 
could be the source of the diffuse bands. However even this is 
unlikely, because the constancy of the central wavelength and of 
the profiles from star to star as well as the symmetry of the profiles 
argues for an origin in very small grains (HERBIG, 1975; VAN DE 
HULST, 1957; GREENBERG and HONG, 1974). More recently PURCELL and 
SHAPIRO (1977) have shown that the profile would not be symmetric 
even in very small grains, though the band from an assembly of 
grains might well appear symmetric. The assymetries found in some 
bands could be caused by the contribution of components from clouds 
with differing radial velocities (SAVAGE, 1976; DANKS and LM E_r, 
1976; '4ELTER and SAVAGE, 1977). Since the larger grains are the 
only ones that can accrete (see for example GREEhBERG, 1978) the 
diffuse bands cannot arise in grain mantles, but must arise in the 
grains themselves. Of course, the mantle material could be dispersed 
by various mechanisms and exist as independant small particles - 
debris - in the medium ( GREENBERG and YENCHA, 19J3) 
Although the particles producing the 2175 Á feature are required to 
be of a specific material (probably graphite), the very small particles 
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could be a mixture of materials. This would explain the relatively 
poor correlation of the far ultraviolet extinction with the diffuse 
band at 4430 R. 
A number of differnt ideas have been put forward as to the 
source of the diffuse bands including both organic and inorganic 
materials. A high molecular weight compound, magnesium 
tetrabenzphorphyrin(Mgc46H3ON6) was suggested (JOHNSON, 1972, 1977) 
but is not now thought to be a candidate (Dory and K ANNA, 1980). 
Other more general organic molecules have been suggested (DULEY 
and IfcC'ULLOUGH, 1977) . Greenberg's 'yellow polymer' found in 
laboratory photolysis experiments (GREENBERG, 1981) can produce 
the 4430 2 band, and possibly the 5780 and 5797 R bands too. 
This too has high molecular we4,*ht ( ^.500). These complex 
molecules would have to be formed in the mantles of large grains 
and then expelled from the surface such that the material existing 
as small grains would totally dominate any material remaining on 
the grain. The necessity for photoprocessing would explain why 
the diffuse bands do not appear in dense clouds where the ultraviolet 
flux is less important, and further mantles could grow, and in 
circumstellar shells, where the dust is relatively young. 
Solid -state transistions in small metal oxide grains (Mg0, 
Ca0) have been suggested by DUCE_.' (1977). The transitions would 
be zero-phonon lines and sidebands which are sharper than transitions 
which involve multiple phonon production. Duley explains the bands 
at 5362 R, 5705 R, 6425.7 R and 6699.4 9 as zero -phonon lines, and 
those at 5535 R, 6177 5, 6196 
Q and 6314 R as phonon sidebands. 
The oxide particles would be 0%050 R in diameter. The transitions 
are associated with defect centres caused by radiation damage. 
Duley has also suggested that transition metal ions in oxide grains 
might cause some of the diffuse bands (DULT`_', 1979) . Transitions 
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that would be parity -forbidden in ordered crystals become allowed 
in disordered crystals. The high temperature of the grains in 
circumstellar clouds are supposed to 'anneal' the grains, 
removing these crystal defects and weakening the diffuse bands. 
In molecular clouds, the defect centres could be 'poisoned' by 
the growth of mantles (KILLAR and DUIEY, 1979) 
A number of problems have to be overcome if the diffuse 
bands are to be formed by molecular transitions in the interstellar 
gas. However, such a source does explain the lack of variations 
in the profile shape and in the central wavelength in different 
stars. rudk j4bing has suggested that the diffuse bands at 4430 R, 
4760 Á, 4890 R and 6180 Q might be produced be preionization of 
H-, and the diffuse bands 5780 R and 5797 R might be produced by 
preionization of 0 (RUDKJOBING, 1969; INGEA AEA' -HIi2 RG and 
RUDKJ RING, 1970). Such processes give bandwidths of roughly the 
correct size, but involve the destruction of the ions involved. 
FAEO (1961) has shown that preionization processes give assymetric 
profiles. JELTDR and SAVAGE (1977) and SAVAGE (1976) show that the 
line profiles observed do not have the broad wings shown in Fano's 
theoretical profiles. Other forms of transition have been described 
which produce diffuse features without destroying the molecule 
(SALITII et al, 1977; DOUGLAS, 1977). Since the diffuse bands appear 
strongly in the diffuse clouds, a molecular origin for the bands 
can only involve relatively simple molecules. These nondissociative 
transitions can indeed occur in small chain or Fquasiplanar' 
molecules (above references, and WEESTER, 1980; MITCHELL and 
HU ?;TRESS, 1979). 
The Very *Broad Structure (VBS) has been noticed by a 
number of authors, but little systematic study has been made of it. 
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HAYES et al (1970 interpreted the 711S in terms of two very broad 
absorptions. BORC (1967) attributed the features to structure in 
the optical constants of graphite, but more recent laboratory 
measurements fail to confirm the presence of such features (TOSATTI 
and BASSAITI, 1970) . .AI T IG (1975) suggested magnetite (re30)), and 
HUFFYI (1977) has indeed found structure similar to the VBS in the 
optical constants of this oxide. VAN BREDA and WHITTET (1981) have 
shown that an identification with magnetite is consistent with the 
cosmic abundance of iron. 
It is worthwhile to summarise the picture for the visible 
part of the spectrum before proceeding to the new measurements. 
Elongated dust grains in physically distinct clouds are aligned 
at different angles along the line of sight and give rise to linear 
polarisation and reddening of light passing through them. The 
grains may be core- mantle particles with an outside radius of 
A.0.15/4, the core being of silicate or metal oxide composition and 
the mantle of photol Tsed C:N:O:H compounds (Greenberg) . Alternatively 
the particles may be bare but of more than one composition, 
including silicates and graphite-(Mathis). The diffuse bands do 
not arise in these grains, but the VBS may do so. 
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3. Aims of the present study 
The overall wavelength dependence of extinction in the range 4000 -7000 A 
follows an inverse wavelength law, with about 4} magnitudes of absorption 
0 0 
at 4000 A, falling to 2.3 magnitudes at 7000 A, when E(B -V)= 1.Q.Super- 
imposed on this a 1 dependence there is structure of various scalelengths 
from 1 -1000 A, the nomenclature for which depends on which range of 
scale lengths is being considered. The fine structure in the extinction 
curve is identified with the diffuse bands, with scale lengths of 
0 0 
1 to 50 A. These vary from the broad (30 A) band at 4430 A to the 
0 0 
sharp (1 A) band at 5797 A. By broad band structure (BS) we shall 
mean structure of scale lengths 50 to 250 A. Some features in the 
class have been listed by HERBIG (1975). Structure on scalelengths 
greater than this will be referred to as Very Broad Structure (VBS). 
These definitions differ slightly from those of REX (1974). The 
aim of the present study is to examine with high precision the wave- 
length dependence of linear polarisation in reddened stars, to detect 
structure in the polarisation of scalelengths 100 -1000 A and to 
examine how such structure relates to features in the extinction 
curve. At present the extinction curve and both circular and linear 
polarisation curves can be fitted with rather general mixtures of 
materials: the discovery of spectral features in the polarisation 
would introduce important constraints on the composition of the 
polarising grains, and the mechanism by which they are aligned. 
The relation of such features to structure in the extinction curve 
is also important, as of course is structure in the extinction curve 
in its own right. For various reasons it is easier to detect features 
in the polarisation curve than in the extinction curve. Extinction 
measurements are subject to a host of problems concerned with the 
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selection of the comparison unreddened star. Mismatching of spectral 
types and hence of the Balmer Jump and the hydrogen lines is one 
of them, while another is the possibility of circumstellar material. 
While circumstellar material may cause intrinsic polarisation, and 
the changing position angle of the galactic magnetic field may cause 
problems of interpretation, the detection of spectral features in 
the curves is relatively trouble -free. Further, once one has a 
reliable high precision spectropolarimeter, polarimetry is a lot 
easier and less subject to systematic errors than high precision 
photometry. The best extinction measurements available have errors 
of the order of 0.005 magnitudes. We may use the relation between 
a feature in the extinction and a feature in the polarisation proposed 




where p and T are the continuum polarisation and optical depth, 
Lp and AT are small changes in these quantities, and f is a constant 
with the value 1.4 ± 0.4. This relation is valid for an absorption 
feature carried on grains that give rise to both the extinction 
and the polarisation in the visible. It can hence be shown that 
a feature in the extinction of 0.005 magnitudes corresponds to 
0 
Op/p ti 0.2%, for E(B-V) = 1 mag at 5500 A, or Ap ti 0.01% on C 
Ophiuchi. The individual measurements on this star reported in 
the next section have errors of this order and are often below 0.010 %. 
The Very Broad Structure in the extinction curve was originally 
0 
noticed by WHITEOAK (1966) and has scalelengths greater than 1000 A. 
This study is not directed at such structure for the following reasons. 
Because of the high precision required, and the fact that we are 
only using a single channel detector, coverage over the complete 
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spectrum for any one star takes a great deal of observing time. 
Because of this, measurements have to be collected on a number of 
telescopes and combined. Because of small instrumental effects, 
this involves some normalisation of data, using multiplicative factors 
for the degree of polarisation, and zeropoint corrections for the 
position angles. The resulting cumulative effect of small errors 
makes deduction of small differences over large wavelength intervals 
unreliable. 
As the spacing of data points was chosen as 50 A, and the 
resolution of the instrument set to a similar value, the present 
observations are not very useful in detecting polarisation variations 
on scalelengths less than 100 A. However, if the diffuse bands 
are 'carried' on the same dust grains as produce the polarisation, 
polarisation variations will occur and will be in accordance with 
the equation (3.1). Accurate measurements of the polarisation across 
diffuse bands have been carried out by MARTIN & ANGEL (1974, 1975), 
A'HEARN (1972) and FAHLMAN & WALKER (1975) and no detectable increase 
has been found. However, if the carrier of the diffuse bands is 
a chemical impurity rather than a property of small grains (as was 
suggested by DULEY & McCULLOUGH (1977)), it may well be present in 
the polarising grains in the line of sight to some stars. It is 
hence worthwhile to use the above equation (3.1) to calculate the 
effect of any polarisation increase across the strongest diffuse 
bands on the 50 A resolution measurement containing the band. 
The drop in magnitudes across a diffuse band is given by 
AM = -2.5 log (1 -W /50) (3.2) 
where W = equivalent width of the diffuse band. Writing (3.1) in 
magnitude terms we have 





Where AX = continuum extinction at any wavelength, given by 
A 
E(X-V) 
R E(B-V) (3.4) X E(B-V) 
E (A -V) and E(B -V) being colour excesses and R a constant. We consider 
the cases of three stars (C Ophiuchi, 55 Cygni and X Aurigae) and 
the diffuse bands (4430 A, 5780 + 5797 A and 6384 A). In the above 
equations, f = 1.4 and p is given by the Serkowski curve with 
-To max 
and Amax taken from SERKOWSKI et al. (1975). R = 3.1, E(A- V) /E(B -V) 
is taken from SAVAGE & MATHIS (1979) and E(B -V) is also taken from 
SERKOWSKI et al (1975). Values for the equivalent widths for the 
diffuse bands 5780, 5797 and 6284 A were taken, along with the central 
depth for 4430 A, from SNOW et al (1977). For C Ophiuchi, values 
for the 5797 A and 6284 A bands were not available. The equivalent 
width for 5797 A band was hence derived from the relation with 
0 0 
5780 A given in WU (1973) and that for 6284 A estimated from the 
relation with E(B -V) also given in SNOW et al (1977). As HERBIG 
(1975) gives both the central depth and the equivalent widths of 
the 4430 A band, it was possible to estimate the equivalent widths 
from the central depths by plotting Herbig's data, and reading off 
the value. The resulting predicted polarisation change measured 
in 50 A bands including the diffuse bands is given in the table 
below (Ap in per cent). 
Ap 
Star/band X4430 X5780 + X5797 A6284 
Ophiuchi 0.02 0.02 0.01 
55 Cygni 0.07 0.03 0.02 
X Aurigae 0.05 0.03 0.02 
The maximum effect in each case is roughly equivalent to the error 
of the individual measurements on that star. Clearcut effects are 
hence unlikely to be detected at the diffuse bands. 
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In this study, we use the Serkowski curve to fit the data: 




k 1112 (X /X 
max 
) (3.5) 
Previously, k was taken to be a constant averaging 1.15 over all 
stars (SERKOWSKI, 1973, 1975). Later authors have allowed k as 
a free parameter in fitting observations of the interstellar polaris- 
ation (e.g. CODINA-LANDABERRY & MAGALHAES, 1976), and recently WILKING 
et al (1980) have suggested the assignment 
k = 1.7 A (3.6). 
max 
The procedure adopted below in looking for features is first to 
calculate a best -fitting Serkowski curve allowing k as a free parameter, 
and then to display the data as deviations from this curve. The 
fitting was done using a weighted least squares fit to the quadratic 
equation 
(y - yo) = -k(x - x0)2 (3.6) 
solving for the three unknowns. The Serkowski curve is, in this 
thesis, only accepted as a convenient analytical curve that approximately 
matches the observed dependence of polarisation on wavelength. A 
major property of this curve, namely 
p(X /Amax) = p(Amax 
/a) (3.7) 
is not characteristic of curves derived from detailed scattering 
calculations, although admittedly it is a good approximation. If 
structure is detected in the polarisation which is invarient (after 
scaling) from star to star, it may well be the result of the less 
than perfect approximation of the Serkowski 'law' to the more complex 
scattering curves. The analytic form of equation (3.5) has been 
used to derive expressions for the case of a medium with changing 
grain alignment (MARTIN, 1974) and for the investigation of the 
interstellar circular polarisation (MARTIN, 1975). Since the 
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analytic form of equation (3.5) has caused some problems, it should 
be pointed out that since the Serkowski curve is only an analytical 
approximation, we are at liberty to select another analytic expression 
which represents the data over the required band pass and has a 












The accompanying figure (Fig.C17) gives a comparison of this curve 
with the Serkowski curve where k = 1.15. When }< = 2.5, the above 
representation (henceforward referred to as the Reciprocal curve) 
lies within ±1% of the Serkowski curve in the wavelength interval 
O.224 to 1.4O4. If k =2.6, the Reciprocal curve fits the Serkowski 
curve to within ±2% in the interval 0.184 to 1.764. In both cases 
the Reciprocal curve is higher than the Serkowski curve in the 2 -54 
region, and it is perhaps noteworthy that the observations also fall 
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Figure C17: A comparison of the Serkowski analytic approximation 
to the wavelength dependence of interstellar polarisation 
and the Reciprocal approximation. The crosses connected 
by a solid line illustrate the Serkowski curve (with 
k = 1.15) while the open circles and dashed line follow 
a Reciprocal curve (K = 2.5). Observations show that 
polarisations are larger than predicted by the Serkowki 
law in the infrared. The solid line without crosses shows 
the difference between the above curves, in the sense 
Reciprocal minus Serkowski (righthand scale). The dotted 
line without points shows the difference between the 
Reciprocal and Serkowski curves when K = 2.6 (and k = 1.15). 
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4. Linear polarisation measurements of reddened stars 
4.1 The polarisation measurements reported here were collected 
over the period October 1977 to October 1979, on four separate observing 
runs. The telescopes involved were the 60" Infrared Flux Collector 
at Izaña, Tenerife and the 40 ", 60" and 61" telescopes of the University 
of Arizona on Mt Lemmon near Tucson, Arizona. Three stars were 
measured in sufficient detail to be included here. They were Ophiuchi, 
55 Cygni and X Aurigae. The only selection criteria used were those of 
low magnitude and sufficient linear polarisation to obtain a reasonable 
signal -to -noise when searching for features in the polarisation 
curve. A table of some of the properties of these three stars relevant 
to this thesis is given as Table Cl. The Observing Logs for the 
measurements on each of the three stars are given in Tables C2 (r Ophiuchi), 
C3 (55 Cygni) and C4 (x Aurigae). 
4.2 The corrected measurements made on Ophiuchi are listed in Table 
C5. The necessary corrections included the calibration of position 
angle and the normalisation of some measurements of polarisation 
taken on various observing runs. These are discussed fully below 
(4.3). The corrected polarisations are displayed in Fig. C3. The 
dotted line is the best fitting analytic curve of the form 
P /Pmax = exp{ -k logé (amax/X) 
} (4.2.1) 
(SERKOWSKI, 1973). The curve was fitted by a weighted least squares 
0 
procedure, from which all points at wavelengths less than 3300 A 
were excluded. The parameters derived were: 
0 
pmax 
= 1.67% X = 6100 A 
max 
k = 1.24 
The full line is a freehand representation of the data after the 
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Figure C3: Wavelength dependence of the degree of linear polarisation 
for Ophiuchi. The dashed line shown in the best -fitting 
Serkowski curve. The ordinate axis is normalised to the 
fitted value of p . The full line is a smoothed 
representation oft ie measurements. 
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smoothing procedure described below had been applied. Figures C4 
and C5 show the dependence of position angle on wavelength. The 
position angles plotted have been corrected to the equatorial system. 
Figures C6 and C7 show the polarisation data again but now as devia- 
tions from the best -fitting analytic curve detailed above. The 
solid line shown on each of these last four graphs is a representa- 
tion of the smoothed data. The smoothing procedure used is to take 
a weighted running mean of four points. The wavelength associated 
with the derived value is a simple mean of those of the four points 
concerned. The smoothed data are shown as Table C6. This choice 
of smoothing algorithm should perhaps be defended. The original 
points to be smoothed were very unevenly spaced in wavelength and 
in some cases had widely different errors associated with each point. 
Some method of weighting by the errors associated with each point 
was clearly essential. One way of smoothing this data would be 
to use a gaussian smoothing function. Here measurements would contribute 
to the mean at a particular wavelength according to their wavelength 
differences from that wavelength and weighted by a gaussian curve 
centred at that wavelength. The procedure is equivalent to degrading 
0 
the resolution of the data to (say) 200 A, using a spectrometer 
with a gaussian instrumental profile. Such a procedure, however, 
is complicated, would introduce wavelength errors and degrade the 
resolution in parts of the spectrum where it is not necessary. However, 
the instrumental profile of our spectrometer for measurements such 
as these is trapezoidal - nearly rectangular - and certainly far 
from a gaussian curve. The procedure adopted is equivalent to smoothing 
with a trapezoidal spectral profile. The effective resolution of 
the smoothed data varies with wavelength but this is clearly visible 
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Figure C4 Wavelength dependence of the position angle of linear 
polarisation for Jr Ophiuchi. The full line represents a 
4 -point weighted running mean. The dashed line (and open 
circles) illustrate a rough model fit (see text). Position 
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Figure C5: Wavelength dependence of the position angle of linear 
polarisation for j Ophiuchi. The full line represents 
a 4- pointrweighted running mean. The dashed line (and 
open circles) illustrate a rough model fit (see text). 
Position angles are in the equatorial system. 
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Wavelength dependence of the degree of linear polarisation 
for j Ophiuchi. The best -fitting Serkowski curve has 
been subtracted from the measurements shown. The full 
line represents a 4 -point weighted running mean (see 
text). 
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Figure C7: Wavelength dependence of the degree of linear polarisation 
for r Ophiuchi. The best -fitting Serkowski curve has 
been subtracted from the measurements shown. The full 
line represents a 4 -point weighted running mean (see 
text). 
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does not degrade the effective resolution as severely in spectral 
regions where many data points exist. As such any possible features 
in the measurements are more clearly shown, and the error in the 
smoothed curve kept roughly comparable across the spectrum. 
Table C7 shows the corrected measurements for 55 Cygni. The 
linear polarisation measurements appear in Fig. C8, where the dashed 
and full lines have comparative meanings to those in Fig. C3 of 







= 5410 A k = 1.36 
Figures C9 and C10 show the deviations of the polarisation measurements 
from this analytic curve. Figures C11 and C12 show the wavelength 
dependence of position angles for this star. As before, the solid 
line is a representation of the smoothed data. The smoothed linear 
polarisation measurements are shown in Table C8. 
Unfortunately, it was not possible to obtain sufficient obser- 
vations to provide as good a wavelength coverage on X Aurigae as 
on the other two stars. The corrected polarisation measurements 
are given in Table C9, while the smoothed data points are also given 





X = 6010 A 
max 
k = 1.04 
Deviations of the corrected measurements are displayed in Fig. C13. 
The wavelength dependence of the position angles is shown in Fig. C14. 
4.3 When the spectropolarimeter is taken off one telescope and 
mounted onto another, certain calibrations are necessary. The most 
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Figure C8: Wavelength dependence of the degree of linear polarisation 
for 55 Cygni. The dashed line shown is the best -fitting 
Serkowski curve. The ordinate axis is normalised to the 
fitted value of p The full line is a smoothed 
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Figure C9. Wavelength dependence of the degree of linear polarisation 
for 55 Cygni. The best -fitting Serkowski curve has been 
subtracted from the measurements shown. The full line 
represents a 4 -point weighted running mean (see text). 
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Figure C10: Wavelength dependence of the degree of linear polarisation 
for 55 Cygni. The best -fitting Serkowski curve has been 
subtracted from the measurements shown. The full line 
represents a 4 -point weighted running mean (see text). 
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Figure C11 Wavelength dependence of the position angle of linear 
polarisation for 55 Cygni. The full line represents a 
4 -point weighted running mean (see text). Position 
angles are in the equatorial system. 
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Figure C12: Wavelength dependence of the position angle of linear 
polarisation for 55 Cygni. The full line represents a 
4 -point weighted running mean (see text). Position 
angles are in the equatorial system. 
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position angle scale for each set of waveplates. This is done to 
take account of the different angle at which the polarimeter is 
mounted on the base of each telescope. In moving from telescope 
to telescope (or between one observing run and the next), mechanical 
handling or mechanical shock may affect the alignment of various 
optical components. The wavelength calibration of the spectrometer 
and the degree of polarisation measured may hence also need calibration 
or correction. The method of and necessity for these 'corrections' 
of the data are detailed below. 
4.3.1. Each time the instrument is moved, the grating is removed 
from its holder. When it is replaced., some difference may occur 
in its exact location, and the wavelength scale as determined from 
a spectral lamp or the spectrum of a star may be different to that 
shown on the mechanical counter linked to the rotation of the grating. 
0 
A difference of 10 A would be typical. The required correction 
is derived from measurements on stars or with a spectral source, 
as described previously (section A2.5) All tables presented here 
include corrected wavelengths accurate to at least 5 A. This error 
arises from the positioning of the star in the aperture rather than 
from calibration errors. On one observing run problems were encountered 
with the wavelength calibration. In September /October 1978, the 
observing run on which most of the measurements on 55 Cygni were 
obtained, a dependence of the wavelength correction to be applied 
on the wavelength at which the spectrometer was set was observed. 
Further, these corrections would vary from night to night (but by 
small amounts). After this run, these changes were attributed to 
the grating being tilted in its holder and moving slightly from 
night to night. Because of these changes in the wavelength correction, 
358 
C7-0 
0 ñ N N N N 
(0) a¡6uy uoi}isod 
o o 
Lt..) 







0 _o 0 
0 o 
0 o o 
Figure C13: Wavelength dependence of the degree of linear polarisation 
for .X Aurigae. The best -fitting Serkowski curve has 
been subtracted from the measurements shown. The full 
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Figure C14: Wavelength dependence of the position angle of linear 
polarisation for . Aurigae. The full line represents 
a 4 -point weighted running mean (see text). Position 
angles are in the equatorial system. 
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many spectral scans of stars were made, and the corrections applied 
to any particular polarisation run was that of the spectral scans 
nearest in time to the run. 
4.3.2 The position angle scale for each set of waveplates is defined 
by the orientation of the waveplate used to measure the instrumental 
Q Stokes parameter. Any difference between the two sets of waveplates 
is taken out by normalising one to the other at wavelengths at which 
measurements with both sets have been obtained. 
The misalignment of the quarter waveplates used to measure 
linear polarisation has been remarked on previously (section A2.2). 
The effect of these misalignments is to produce crosstalk between 
the instrumental Stokes parameters. This will produce scale errors 
in the measured degree of polarisation and also result in small 
offsets to the true position angles. As such these corrections 
were not significant enough to be taken into consideration in the 
discussion of the planetary data. The corrections to be applied 
will also depend on the measured position angle of the object observed, 
and hence will even change when the instrument is used to observe 
the same object on a different telescope (because the instrument 
has been rotated with respect to the telescope base). Rather than 
attempt to apply calculated corrections to the data, measurements 
on a particular star have all been normalised to the observations 
on a particular telescope and observing run. The various corrections 
for the interstellar polarisation stars have been collected together 
in Table C11. To illustrate the procedure, and to justify it, we 
look more closely at the case of Ophiuchi. Most of the polarisation 
measurements on this star were obtained on the 60" and 61" telescopes 
at Tucson in May 1978. Measurements were obtained with both sets of 
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waveplates on both telescopes. Since there appeared to be no need to 
° 
correct measurements taken with the 3800 A waveplates on both telescopes, 
the two sets of data taken with the other set of waveplates were 
corrected to these. Firstly, the 60" measurements were normalised 
to the 61" data by multiplying by a factor of 1.055 (about 0.08 %). 
° 
Then all the 5825 A waveplate measurements were multiplied by a 
factor of 1.095 to bring them into accord with the data obtained 
with the other set of waveplates. The correction corresponded to 
° 
about 0.13% at the 'normalisation point' around 4600 A. To justify 
these corrections we take note of Fig. C15, which shows graphically 
the corrections to the degree of polarisation expected to be made 
necessary by the errors of alignment of the two sets of optics quoted 
in section A2.2. The instrumental position angles of the raw data 
for the 61" and 60" telescopes were %85 -90° and ti60 -65 °, respectively. 
We can see that the expected correction between the measurements 
taken on the two telescopes for the 5825 waveplates is "0.08% or 
5 -6%. For the 3800 waveplates, it is about 0.04 %. This is small 
enough not to be noticed in the original normalisation procedure. 
Therefore, the normalisation factors found necessary are in complete 
accord with those calculated from the known errors of alignment 
of the waveplates. A quick check shows the 55 Cygni normalisation 
factors to be similarly justified, though in this case errors are 
larger. One discrepancy remains. When these corrections are applied, 
there should be no necessity to apply a further correction between 
measurements taken with the two different sets of optics. However, 
a residual effect of about 0.08% or 5% of the polarisation remains 
between the two sequences of data. As mentioned above, since the 
data taken with the ultraviolet waveplates did not seem to exhibit 
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Figure C15: Predicted correction to the degree of linear polarisation 
made necessary by misaligned waveplates. The curve with 
crosses gives the correction necessary when using the 
3800 X set, while the curve with open circles gives 
that necessary for the 5825 Á set. A correction of -5% 
implies that the true polarisation is only 0.95 of the 
measured polarisation. 
R6 R 
was corrected to it. This, however, seems to have led to the calculated 
value of Amax being too large by about 10% when compared with the 
catalogue figure (see Table C1). Fig. C3 also seems to show a dis- 
° 
continuity in slope at around 4600 A. We notice that after correction, 
° 
the 5825 A waveplate measurements, before being normalised to the 
° 
3800 A waveplate data, predict a value of Amax much nearer to the 
catalogue value. This suggests that it is the ultraviolet waveplate 
° 
polarisation measurements which are too high by 5% at 4600 A. A tilted 
calibration filter could cause this, though it would have to be 
tilted by a couple of degrees (about 2 ¡ °). This would give rise 
° 
to a value of AQ ti3400 A (rather than 3800 A) for this filter leading 
° 
to values of the calibration polarisation 5% too low at 4700 A, 
° ° 
correct at 3600 A, and 5% high at 3100 A. Since we divide our polari- 
sation measurements by the calibration polarisation, this would 
give final values 5% high at 4700 A, as observed. If this correction 
was made and the same normalisation procedure used, then this would 
result in a derived value of k somewhat lower than that from the 
presented fit, since it is these for ultraviolet points that most 




2 6100 k P 1.08 
° 
Examination of the 3800 A waveplate calibration polarisations show 
them to be high already - around 90 %. If the explanation above 
is correct, the true calibration values should be around 95 %, higher 
than the theoretical maximum. It must therefore be rejected. The 
instrumental position angle of the raw data taken on the 61" telescope 
is around 90 °, which implies that very nearly all the polarisation 
information is in the 'Q' instrumental Stokes parameter. If the 
corresponding waveplate were tilted in the opposite sense (i.e. 
in a different, orthogonal plane) it could produce a measured polari- 
sation that was higher than the true value. However, if the calibration 
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is now completely flat and accurately quarter wave at 3800 A, it 
is impossible to produce as large an effect as 5% of the polarisation 
by tilting the 'Q' waveplate. Of course, the combination of a slightly 
tilted calibration filter with a slightly tilted waveplate could 
give the described effects and this is also more likely. Intrinsic 
differences between the waveplates arising during their manufacture 
would also give effects similar to these described above, but at 
a lower level (i -1% of the polarisation). In summary, the residual 
difference between the measured degree of polarisation between the 
° o 
3800 A and 5825 A waveplates may well be due to slight tilting of 
the elements of the 3800 A set, possibly compounded by intrinsic 
differences between the waveplates of the set. The resultant difference 
in tilt angle between the calibrator and the waveplate used to measure 
the instrumental 'Q' Stokes parameter would in that case be in excess 
of 2 °. A further consequence would be the slope of the degree of 
polarisation measures against wavelength for this set of waveplates 
would be untrustworthy. Examination of the measurements on 55 Cygni 
and on other data not presented here gave inconclusive and sometimes 
inconsistent results. If tilting of the waveplates is the culprit, 
this might be expected since tilt angles might be changed by mechanical 
shock if the retarders were at all loose in their holders. Because 
of these various speculations, and rather than make corrections 
based on theoretical estimates of supposed effects, the simpleminded 
normalisation procedure described above is retained. It must be 
borne in mind that the derived values of p and k will be affected 
max 
by the above possible misalignments, and the fitted parameters quoted 
may not be reliable. Since our goal is the detection of structure 
0 
in the polarisation curve with scale widths of 50 -500 A, this is 
not too important. 
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5. Examination of the new measurements presented 
Looking at the measurements made on each star we see a number of 
features in the degree of polarisation and /or in its position angle. 
Some of these features occur in only one star, while others occur 
in more than one. In the detailed examination of the data that 
follows, we turn first to C Ophiuchi. 
5.1 The degree of polarisation of the light from Ophiuchi shows 
a marked upturn in the ultraviolet, as is shown. in Figs C3 and C6. 
This is most obvious in the plot displaying deviations from the 
smooth Serkowski curve (Fig. C6). The degree of polarisation appears 
to start to depart from the analytic fit at a wavelength around 
3400 A with the difference becoming more obvious as we move to shorter 
wavelengths. At 3150 A, the shortest wavelength for which a measure- 
ment was obtained, the deviation had reached 0.15 %, or about 15% 
of the predicted polarisation at that wavelength. The next obvious 
feature is in the magnitude of the linear polarisation at (and around) 
4100 A. The measurements are above the analytic curve until about 
0 
3900 A, where they cross the curve to form an apparently asymmetric 
0 
depression 0.03 to 0.04% deep. The feature may be traced from 3800 A 
0 0 
to 4300 A, a total width of 500 A. The central part of the feature (at 
0 0 
3950 A to 4150 A) is rather convincing, being significant at the 3e 
level or better. Fig. C16 shows this part of the wavelength dependence 
in more detail, with only the smoothed data points shown. After 
this feature the degree of polarisation remains higher than the 
best -fit analytic curve until the next crossover at 4650 A. 
The plot of position angle in the ultraviolet (Fig. C4) shows 

















































































































































































































































































polarisation. The main feature is of a gradual rotation in the 
position angle beginning at around 4500 A and reaching a minimum 
° 
at 3650 A, by which time it has turned through an angle of 1 °.2 
compared with its value in the blue /green. In the same region the 
° 
degree of polarisation has fallen from 1.5% to 1.15 %. Around 4100 A 
a deviation of about 0 °.7 is seen which is clearly associated with the 
° 
feature at this wavelength shown in Fig. C6. At about 3550 A the 
curve turns back to a value similar to that in the visual part of 
° 
the spectrum. Below 3400 A the position angle again starts to turn 
from the average value, but since errors here are large, such changes 
° 
are barely significant. Any structure below 3400 A is presumably 
associated with the upturn in the ultraviolet seen in Figs C3 and 
° 
C6. All the points in the region of 3300 -3500 A were taken on one 
night (1978, May 26/27), while points at longer wavelengths were 
obtained a little over a week earlier. 
Fig. C3, showing the corrected polarisations and the best 
fit analytic curve, exhibits a distinct 'bump' at the crossover 
° 
wavelength between the two sets of optics (i.e. 4600 -4700 A). This 
is not so apparent on Fig. C6 which shows deviation from the best 
fit curve. The bump appears to occur at the point of a change in 
slope in the smooth wavelength dependence of the degree of polarisation. 
A possible reason for this effect - tilted waveplates - has already 
° 
been remarked upon, and would not only explain the feature at 4650 A, 
but also that the polarisation measurements in the region 4700- 
° 
5500 A all fall below the smooth analytic curve. Measurements taken 
° 
with the 5825 A set of waveplates in the green and red parts of 
the spectrum seem to show oscillations in the magnitude of polarisation. 
° 
A slight peak (la, 0.03 %) appears at 5250 A, a larger, noisier one 
° 
(0.06 %) at 5700 -5800 A, and the most obvious (0.08 -0.09 %) centred 
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on 6600 A. It is not immediately clear whether there exists simply 
O 
one depression of the polarisation at 6100 A of amplitude about 
0.08 %, or multiple enhancements. However, the structure is certainly 
significant, expecially in the region 6000 -7000 A. The measurements 
of polarisation at wavelengths greater than 7000 A are rather remark- 
able. The fall in polarisation is very steep, suggesting the possi- 
bility of further oscillations about some smooth curve at even longer 
wavelengths. 
The position angles presented in Figs C4 and C5 are illuminating 
when compared with the graphs of the degree of polarisation. No 
o o 
obvious feature occurs at either 5250 A or 5750 A. The discontinuity 
in the smoothed curve at 6100 A is caused by the wildly divergent 
° 
point at 6010 A. When account is taken of this, a slight increase 
in position angle is suggested (0 °.4- 0 °.6), centred on 6150 A. Such 
an increase does not coincide in wavelength with any feature in 
the degree of polarisation. However, if we suppose instead that 
a slight depression in position angle is present centred at 5750 A 
and of magnitude 0 °.3 or so, then the apparent increase at 6150 A simply 
marks the return or partial return to a continuum level before a 
° 
further depression associated with the 6600 A polarisation feature. 
This further depression reaches about 1 °.0 at maximum, returning 
to a continuum level by about 7100 A. The measurements of position 
° 
angle in the region (i.e. 6400 -7100 A) are rather noisy and might 
suggest fine structure. In particular a sharp rotation may occur 
0 
at 6850 A. Not well defined here it might repay further study. 
Finally we note that the position angle appears to show a gradual 
and monotonic increase throughout the visible spectrum. From 7500 A, 
° 
where 6 % 126 °.5, it decreases smoothly to 6 ti 125° at 3600 A. 
Below this the position angle turns back to its value in the blue /green 
(126 °.3). 
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5.2 Wavelength coverage for 55 Cygni is mainly confined to the 
0 
range 3100 -4800 A, and except for a few measurements, was obtained 
0 
using the 3800 A set of waveplates. Considering first the plots 
of degree of polarisation against wavelength, we note immediately 
that 55 Cygni also shows an upturn in polarisation in the ultra- 
violet. A smoothed curve drawn through the data points starts to 
0 
deviate from the best -fit analytic curve at around 3300 A (Fig. C9). 
In this respect the case of 55 Cygni is not significantly different to 
0 
that of C Ophiuchi. At 3100 A, the observed curve is '0.25% above 
the analytic curve which predicts a polarisation of 1.97% here. 
Hence the enhancement is 12 -13% of the polarisation or again comparable 
to that seen in C Ophiuchi. A large number of linear polarisation 
0 
measurements were made in the region of 3400 -3700 A, and possible 
structure appears centred on 3535 A. The polarisation at this point 
changes from +0.1% to -0.2% (with respect to the analytic curve) 
in 10 -15 A. Such dramatic change is unlikely to be real considering 
the resolution of the individual measurement (50 A). Setting aside 
the small scale sharp feature, it still appears that the degree 
0 
of polarisation appears to be above the analytic curve before 3535 A 
and below it afterwards, at least until 3660 A. This is only marginally 
0 0 
significant. Between 3300 A and 3750 A there are plotted 22 data 
points. According to gaussian statistics, 15 of these should lie 
within la of the mean, 19 within 1.50 and 21 within 20. By coincidence 
the actual numbers in this wavelength region are 15 within 10, 19 
within 1.50 and 21 within 20! (It is acceptable to use gaussian 
statistics here, since a(p) « p.) An examination of the position 
angle in this wavelength region (Fig. C11) is similarly suggestive 
but again not significant. No feature is apparent at these wavelengths 
in Ophiuchi in either position angle or degree of polarisation. 
3 70 
Returning to Figs C9 and C10, displaying the degree of polarisation, 
it is seen that no further structure is present until the vicinity 
of 4350 A. Although the coverage is not as complete as in the case 
of Ophiuchi, it is clear that there can be no structure around 
4100 A as found in the previous section. This holds for both the 
position angle and the degree of polarisation. The region 4300- 
0 
4500 A is particularly interesting because of the occurrence of 
0 
the strongest diffuse band here (at 4430 A) and also the famous 
'knee' or change of slope in the interstellar extinction curve at 
0 
(1,4350 A (NANDY, 1964). The general appearance in the polarisation 
is of a broad depression in the interval 4150 -4500 A, declining 
by up to 0.10% from the mean level outside this interval. In the 
0 
centre (4365 A), an 'emission peak' is seen, of size ti0.05 %. Alter- 
natively we may view it as two features centred respectively at 
0 0 
4320 A and 4420 A, leading to the strong temptation to identify 
0 
the 4320 A feature with the knee in the extinction curve and the 
0 
4420 A one with the diffuse band. Neither however are 'well detected'. 
The structure at 4320 is only at the 1.5 -2.0 a level while that 
0 
at 4420 A is at the 2.0 -2.5 a level. No structure is seen in the 
position angles over these wavelengths, though of course such variation 
may not necessary occur even if variations in the magnitude occur. 
Since the 'knee' in the extinction curve is in fact a broad transition 
probably associated with the particular size distribution of the 
grains in the line of sight (see e.g. HAYES et al, 1973) it would 
be most strange to find small scale (i.e. 50 A) structure associated 
with it. Since the 4320 A feature is marginal, it is not considered 
further. The expected size of the polarisation change over the 
4430 A diffuse band was calculated earlier (section C3 ) with the 
assumption that the carrier of the diffuse band was the same as 
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that of the visual continuum extinction and the polarisation. The 
degree of polarisation was expected to change by 0.07 %, consistent 
with that seen here. Note that (again) no structure is apparent 
in C Ophiuchi at these wavelengths, in either position angle or 
degree of polarisation. 
The measurements of polarisation for wavelengths longer than 
4900 A are rather widely spaced and are of lower quality. Hence 
we have no information as to the possible occurrence of broad band 
oscillations in the degree of polarisation at wavelengths greater 
than 
Xmax 
as seen in C Ophiuchi. We note (Fig. C8) that the magnitude 
of polarisation is higher than that predicted by the fitted Serkowski 
curve in the region 4600 -5100 A. There is little evidence of the 
change of slope seen in C Ophiuchi at these wavelengths, where polari- 
sations were below that predicted by the analytic curve. In section 
4.3.2 it was argued that this change of slope was the probably result 
of slight tilting of the waveplates used in the ultraviolet part 
of the spectrum. As such the effect should also be present here. 
However, these measurements were obtained on a different observing 
run to those of C Ophiuchi, and the (instrumental) position angle 
of the data is also greatly different. Further, the derived wavelength 
of maximum polarisation - X 
max 
- lies quite near this interval, 
and is rather poorly defined. For the accurate determination of 
Xmax, good 
measurements are necessary at wavelengths greater than 
a 
' 
In the case of 55 Cygni, such measurements are of poor quality. 
max 
The differences between 55 Cygni and C Ophiuchi at the wavelength 
of the slope change in the degree of polarisation are hence not 
inconsistent with the existence of the instrumental effects proposed 
earlier. 
The only structure in the position angles measured on 55 Cygni 
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occurs on very broad scalelengths. From a maximum value of 3 °.7 
o ° 
at around 4000 A, it rotates to 1 °.2 at about 3200 A in the ultra- 
violet and to 2 °.8 or so at 5000 A. The 'turning back' of the position 
° 
angles at wavelengths less than 3400 A, as seen in C Ophiuchi, is 
not seen here. 
5.3 Wavelength coverage of x Aurigae is restricted to the range 
° 
3700 -6500 A, and was covered exclusively with the 5825 A set of 
waveplates. The only structure worthy of note is in the yellow 
and green where possible sinusoidal structure is seen with peaks 
at 5250 A and 6050 A. Both features are not statistically signifi- 
cant, The larger of the peaks (at 5250 A) is only 1i -2 a away from 
the analytic curve. However, it is interesting to compare these 
observations with measurements taken in a similar wavelength interval 
on C Ophiuchi. On that star possible enhancements in the degree 
of polarisation were seen at 5750 A, 5750 A and 6600 A. The position 
angle measurements show no significant structure at either 5250 A 
or 6050 A. However, a broad -band change in the position angle similar 
to that seen in both 55 Cygni and C Ophiuchi is noticeable. From 
o 
a maximum value of about 178 °.2 at 5050 A, it declines to 175 °.8 
° 
at 3800 and 177 °.0 at 6100 A. x Aurigae shows no structure at 4420 
(as 55 Cygni does) or at 4100 A (as C Ophiuchi does). It must be 
admitted though that errors are large and points relatively sparsely 
distributed about these wavelengths. 
5.4 The structure found in interstellar polarisation curves for 
the three stars is summarised in Table C12. While the overall wavelength 
dependence of the degree of polarisation departs from the smooth 
analytic curve in similar ways for the three stars, there are no 
exact correspondences in wavelength between them such as would give 
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one confidence in the reality of the apparent structure or in its 
association with the interstellar medium. A similar statement may 
be made concerning the position angles. The one exception is the 
occurrence of an upturn in the polarisation in the ultraviolet and 
clearly seen in both 55 Cygni and C Ophiuchi. Before proceeding 
to the interpretation of the features seen, it is necessary to discuss 
which if any might be attributable to instrumental effects. Each 
of the features described in Table C12 has been tested to see if 
it could have arisen by mismatching data sets from different observing 
runs or telescopes. Though all survived, most could be rendered 
less significant by judicial choices of normalisation factors. The 
small very wide band variations of position angle in each of the 
three stars are particularly sensitive to small errors in these 
features. As mentioned above (section 4.3.2) slight tilting of 
the waveplates can cause a slow rotation of position angle over 
long wavelength spans (say 1000 A). However, the maxima and minima 
found in these position angles do not correspond to 'normalisation 
points' either between data taken with different sets of waveplates 
or on different telescopes. The most convincing argument for the 
reality of these wavelength dependent position angle rotations is 
however an astronomical one. We shall therefore return to this 
question in section 6. The other instrumental effect to be discussed 
concerns the problem of scattered light entering the optical train 
after the analyser. This is considered immediately below. 
Measurements of polarisation are difficult to make at wave- 
0 
lengths below 3300 A, as the amount of light available is small 
so close to the atmospheric cutoff. Accordingly, when an apparent 
feature occurs in the polarisation at such wavelengths, it is necessary 
to consider very carefully the possible effects of unwanted light. 
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Such light might come from within the dome, or from the star itself 
at longer wavelengths. First of all we consider the effect of stray 
light in the dome reaching the photomultiplier. This is equivalent 
to a large Dark Count, i.e. if q = measured polarisation, p = true 
polarisation, I = photon counts collected from the star in a certain 
time, and S = photon counts contributed by stray light in the same 
time, then: 
q = p X (1 + S /I) 
-1 
where the 'certain time' is the time for which the counters were 
operative before the calculation of the polarisation measures above. 
Hence the polarisation is reduced and a decline in polarisation 
would be seen as the flux from the star weakened. However, all 
the polarisation measurements presented here have been calibrated 
by measurements made with an HNP'B polaroid calibrator and taken 
on the same star. The calibration measurement will therefore be 
more affected by the stray light since its transmission is only 
about 30% of that of the waveplate. If q1 = measured calibrated 
polarisation, p = measured true polarisation, then: 
1 1 (1 + S/0.31) 
- 
1 
q -P (1 + S/I) P 
This will give an upturn in the ultraviolet on any polarised star. 







It can be seen that the ultraviolet features in both 55 Cygni and 
Ophiuchi could be reproduced with a stray light contribution of 
0 
only 6 -7% of the light from the star at 3200 A. It is easy to see 
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that the observed upturns were not so caused. Since the measurements 
on both stars were taken with the same telescope (though admittedly 
on different occasions) any effect of stray light would be less 
for the brighter star, C Ophiuchi. The magnitude difference between 
them (V band) is 2m.3, and C Ophiuchi is also of earlier spectral 
type than 55 Cygni. Stray light should hence be at least a magnitude 
less important in the brighter star. Further, a stray light 'content' 
of 7% would alter (reduce) the calibration polarisations by almost 
a quarter. This is not seen. 
Unwanted light from the star itself can affect the measurement 
in two ways. Either light multiply reflected within the polarimeter 
or flux from other than the desired wavelength may contribute to 
the detected intensity. Since the polarimeter turns polarisational 
information into intensity modulations, after the modulator multiple 
reflections can only have the 'diluting' effect described above. 
However, in stars that have a wavelength dependence of polarisation, 
incomplete elimination of light at other wavelengths in the spectrometer 
can also lead to polarisation effects. Light entering the spectrometer 
which is uncollimated or diffuse has little chance of reaching the 
exit slit. If it is of wavelength close to that for which the spectro- 
meter is set, a little may succeed, but otherwise the comprehensive 
baffling will frustrate it. Light which enters the spectrometer 
focused and collimated, i.e. light from the stellar image focused 
on the entrance aperture, has a lot better chance. Such light can 
be scattered by dust on the mirrors or the grating or suspended 
in any of the light paths. Certain wavelengths of light may also 
reach the exit slit by the mechanism known as 'double diffraction', 
described in section A2.6. Of course, the amount scattered is still 
very small. A typical figure for this type of spectrometer would 
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be less than 10 
-4 
, though it might be rather higher in this instrument 
as both the grating and mirrors were not in perfect condition. Now, 
spectral contamination at the 10 
-4 
level would normally be unimportant, 
but with a small bandpass near the ultraviolet atmospheric cutoff, 
the flux level to be detected is very low compared with the flux inte- 
grated over the rest of the spectrum. Under these circumstances, 
scattered light from the rest of the spectrum may well make an important 
contribution to the flux at the wavelength of interest. As yet 
the consequences for the measurement of polarisation have not been 
touched on. Light of other wavelengths which reaches the exit slit 
is encoded according to the polarisation of the star at that wavelength. 
In a star such as Ophiuchi, the ultraviolet wavelengths are a 
lot less polarised (up to 50 %) than the average value across the 
rest of the spectrum. Hence light scattered to the exit slit will 
cause an increase in the measured polarisation at ultraviolet wave- 
lengths. 
To investigate the possible importance of this problem, a 
number of tests were carried out. The atmosphere will not transmit 
light of wavelengths less than 3000 A, yet when a Lyrae was observed 
at Mt Lemmon, an easily measurable flux was seen at 2800 A. When 
an ultraviolet filter was inserted, this flux declined by a factor 
of at least ten. The filter was a 3 mm thickness of UG11, and did 
0 0 
not pass light of wavelengths greater than 4000 A. Below 3000 A 
the detected intensity seemed roughly independent of wavelength. 
Presuming that this is true, the following table shows the relative 
importance of scattered light at certain wavelengths in the ultra- 
violet, both with and without the UG11 filter. 
o 
In the table, f = 
flux measured at 2850 A 100 Clearly, 
X flux measured at X 1 
o 










3000 67.0 57.5 
3100 11.0 2.6 
3200 2.9 0.6 
3300 1.7 0.4 
3400 1.4 0.3 
3500 1.3 0.3 
detected flux. A measurement of the polarisation of C Ophiuchi 
was made at 2800 A, to investigate the state of polarisation of 
this scattered light. It appeared to be roughly twice as polarised 
as light at 3250 A (errors were rather large). Hence this scattered 
light could (will) cause an increase in the measured polarisation 
of up to about 20% of the polarisation. This is of the same order 
as the observed enhancement of polarisation on both c Ophiuchi and 
55 Cygni. As can be seen from the table above, the introduction 
of an ultraviolet filter reduces the effect of scattered light by 
at least a factor of 5 at 3100 A. Several attempts were made to 
measure polarisation in the ultraviolet both with and without the 
. UG11 filter. Incidentally, this filter was mounted in the Order 
Sorter wheel and will not affect the measurement of polarisation. 
For various reasons, only recently were these efforts successful. 
The measurements in the following table were obtained with an upgraded 
version of the described spectropolarimeter on the U.K. Infrared 
Telescope on Mauna Kea, Hawaii. A new grating was used in the spectro- 
meter, so that the component of scattered light was less. However, 
it is clear that the measured polarisation is decreased when the 
filter is inserted. The measurements are strong evidence that the 
observed upturns in the tabulated polarisation of c Ophiuchi and 
55 Cygni are of instrumental origin. The behaviour of the position 





Ophiuchi 20 August 1980 
Without UG11 With UG11 
p p $ 
3150 0.969 0.017 0.904 
3300 1.023 0.015 1.016 




Ophiuchi, the 'turning back' at 3600 A could well be associated 
with the ultraviolet upturn, but then the further (tentative) structure 
at even shorter wavelengths is hard to account for. On 55 Cygni 
the position angle continues to rotate at these wavelength and no 
specific structure seems to be associated with the ultraviolet upturn. 
These position angles variations are difficult to explain, and may 
be connected with the particular wavelengths of light that make 
up the unwanted light reaching the photomultiplier. 
In summary, it seems likely that the observed ultraviolet 
upturns seen in these observations are caused by unwanted light 
reaching the photomultiplier. While the instrumental effects may 
be hiding real structure at these wavelengths, further consideration 
of this 'feature' is not considered justified without further obser- 
vations. 
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6. Interpretation of the polarimetry 
Table C12 summarises the features found in either the degree or 
position angle of the linear polarisation detected in the light 
from the three stars under consideration. Each of these features 
will now be examined to see what physical mechanisms might be involved, 
and what new information these measurements provide on the nature 
of the interstellar medium. 
6.1 The broadband dependence of position angle. 
The detected rotations of position angle over large wavelength inter- 
vals are rather small in all three stars. Maximum rotations were 
1 ° -11° for Ophiuchi, about 2° for 55 Cygni and around 21° for 
X Aurigae. As mentioned previously, the normalisation of results 
from different observing runs together makes it difficult to be 
fully confident about such small systematic variations on these 
long wavelength baselines. However, we note that no feature or 
discontinuity appears associated with the crossover wavelength between 
the two sets of optics. Not only should any normalisation errors 
be most apparent here, but also any effects caused by the waveplates 
could be detected (see section 5). While systematic position angle 
rotation with wavelength has been reported for x Aurigae (MARTIN, 
1974 ), neither Ophiuchi nor 55 Cygni is supposed to exhibit such 
effects, even with a baseline extending into the infra -red (WILKING 
et al, 1980 ). Of course, there have been very few accurate studies 
of position angle over long wavelength baselines, and it is not 
unreasonable to suggest that such structure has simply been overlooked 
in Ophiuchi and 55 Cygni. For example, we note that MARTIN (1974 ) 




for X Aurigae. Other measurements (SERKOWSKI et al. 1975 ), 
made simultaneously in a.number of colours, suggest that the position 
angle of polarisation for this star reaches a maximum in the V band, 
and declines towards both the red and the blue. Until recently, 
even multichannel polarimeters (i.e. those using multichannel detectors) 
have been unsuitable for obtaining wide wavelength coverage of position 
angle measurements. Intensified systems, such as the SIT -Vidicon, 
have in general been restricted in their wavelength coverage, being 
limited in the blue to 0.44 by the detector, and in the red to 0.74 
by the S20 photocathode of the intensifier. The modulating element 
in some multichannel polarimeter furthermore is a rotating super - 
achromatic waveplate. Such waveplates have an optic axis which 
rotates with wavelength and position angles measured with such devices 
require careful calibration. 
The rotation of position angle in the ultraviolet found in 
C Ophiuchi and 55 Cygni is quite convincing. The critical factor 
in the case of c Ophiuchi is the correlation of position angle changes 
° 
with structure in the degree of polarisation, both at 4100 A and 
° 
at wavelengths near 6600 A. Such covariation of the degree and 
position angle of polarisation implies the presence of at least 
two components in the linear polarisation of the light we see from 
C Ophiuchi. While one of these components must be interstellar 
in origin, the other (or others) may be interstellar or intrinsic 
to the star. The variations seen in the degree of polarisation 
can then be assigned to the dominant interstellar component, or to 
the secondary component (interstellar or intrinsic) depending on 
the behaviour of the position angle. 
Intrinsic polarisation is a well -known phenomenon in certain 
hot early -type stars. The linear polarisation arises from electron 
scattering in a disc of material situated about the equator of the 
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star. The characteristic feature in the wavelength dependence of 
polarisation arising by this mechanism is the sharp fall across 
° 
the Balmer limit at 3650 A, the polarisation being much smaller 
at wavelengths shorter than this wavelength (COYNE, 1976 ; KRUSZEWSKI, 
1974 ). Such stars as these will normally show evidence of circum- 
stellar matter through strong emission in the Balmer lines. While 
none of the stars studied here has noticeable emission in the hydrogen 
lines, evidence for circumstellar matter about C Ophiuchi has been 
presented (BARKER & BROWN, 1974 ; NIEMELA & MÉNDEZ, 1974 ). If 
the position angle of any intrinsic polarisation were at 45° to 
that of the interstellar polarisation, most of the effect would 
be seen in the position angle, while the degree of polarisation 
will still be well fitted by a Serkowski curve. Indeed, without 
loss of generality, we may resolve any intrinsic polarisation into 
components parallel to the interstellar polarisation and at 45° 
to it. 
Do either c Ophiuchi or 55 Cygni show structure in either 
position angle or degree of polarisation associated with the Balmer 
Jump? We note a sharp change in position angle on C Ophiuchi at 
roughly these wavelengths, not associated with a feature in the 
degree of polarisation. The effect if due to intrinsic polarisation 
shows that a stronger intrinsic component implies a rotation of 
position angle away from the mean interstellar value. However, 
in the red, structure in the position angles is seen that with this 
interpretation would imply a decrease in the interstellar component 
or an increase in the intrinsic component. Since this is unlikely 
to be associated with an intrinsic component, the implication is 
that the interstellar component declines. However, this is inconsist- 
ent with the observed increase in the degree of polarisation. In 
55 Cygni, sharp features may occur at wavelengths close to the 
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Balmer Jump. These are unlikely to be associated with the Balmer 
Jump. However, the position angle dependence is in some ways sugges- 
tive of an intrinsic source of polarisation, although the position 
angle rotations are smooth in their dependence on wavelength. With 
no real physical justification, an attempt was made to fit these 
position angle rotations with a component following a a -4 wavelength 
dependence, i.e. a Rayleigh scattering law. Reasonable fits were 
easily obtained, though, of course, they could only explain the 
behaviour of the position angles in the ultraviolet. In Ophiuchi, 
if this component was assumed to be completely orientated at 45° 
to the interstellar component, the effect on the degree of polarisation 
was only 0.002 %. On 55 Cygni under the same conditions, the fitted 
component would have affected the degree of polarisation by 0.02 %. 
Rayleigh scattering would imply an asymmetric distribution of small 
particles around the star, as any atoms would be ionised and their 
effect dominated by the resultant electron scattering. Such a model 
is problematical. Since the observations on x Aurigae do not cover 
the critical wavelengths, nothing can be said on the possible presence 
of an intrinsic component in the observed polarisation of light 
from this star. 
The assumption of just one component in the interstellar 
polarisation implies the acceptance of several assumptions about 
the particles in which that polarisation arises. Chief among these 
is that the characteristic direction of alignment for the grains 
(presumably due to the magnetic field) is sensibly constant along 
the line of sight to the star in question. If this assumption does 
not hold, variations in particle size, shape and composition along 
the line of sight also become important. On average, for stars 
at low galactic latitudes, the line of sight to a star 1 kiloparsec 
away will intersect 4 to 5 gas clouds, as evidenced by the multiple 
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components seen in high resolution observations of interstellar 
lines (HOBBS, 1974b). The correlation between the strength of inter- 
stellar lines and the reddening, E(B -V), (Bohlin et aí.1978) suggests 
that at least some of these gas clouds could well be associated 
with a dust cloud. Since the direction of the magnetic field will 
vary along the line of sight (MATHEWSON, 1968 ; NEE, 1980 ) it 
seems likely that the characteristic direction of alignment of the 
dust grains in each of these clouds will be different. Under such 
conditions, circular polarisation will be produced. 
Table Cl gives relevant properties of the stars considered 
in this section. The circular polarisation exhibited by linearly 
polarised reddened stars has been convincingly attributed to the 
interstellar particles (KEMP & WOLSTENCROFT, 1972 ; MARTIN, 1975 ). 
Since the interstellar medium is linearly dichroic as evidenced by the 
polarisation of starlight which has passed through it, it must also 
be (linearly) birefringent, as implied by the Kramer- König relations. 
Associated with this, some depolarisation will occur, i.e. the ratio 
of polarisation to reddening, p /E(B -V), will be lower. (This ratio 
will also depend on the efficiency of grain alignment, and the strength 
and orientation of the magnetic field.) We may hence deduce that 
more than one cloud must lie in the lines of sight to these stars, 
and that the position angles of grain alignment in each of these 
clouds must be different. In general then, it is reasonable to 
consider more than one component contributing to the interstellar 
linear polarisation. We now look at each of the stars in turn. 
As can be seen from Table Cl, both 55 Cygni and X Aurigae 
exhibit detectable circular polarisation. Several approaches have 
been made to relate the circular polarisation produced to the medium 
through which the light has passed. SERKOWSKI (1962 ) considered 
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a model based on fluctuations (in the alignment direction) in a 
continuously polarising medium. Such an analysis is appropriate 
to distant stars (r » 1 kpc) and the examination of clusters. MARTIN 
(1974 ) has dealt with the case of discrete clouds and develops 
in particular a 'two -slab' model. KEMP & WOLSTENCROFT (1972 ) used 
a model with a uniform change of the alignment direction of the 
grains along the line of sight. This model was considered because 
of the suggestion by MATHEWSON (1968 ) that the galactic magnetic 
field was helical in structure, at least out to 700 parsecs from 
the Sun. Such structure was evidenced by the distribution of position 
angles of interstellar linear polarisation over the sky (see e.g. 
MATHEWSON & FORD, 1970 ). It is to be noted that the existence 
of a 'twist' in the grain alignment along the line of sight is not 
sufficient to give a rotation of the position angle with wavelength. 
There must also be a variation in grain properties. MARTIN (1974 ) 
restricts his consideration to changes in X 
max 
along the line of sight, 
equivalent to a change in grain size. If we consider the 'two -slab' 
model we can see that such a variation would only give a monotonic 
rotation of position angle with wavelength. The 'turnover' is position 
angle seen in 55 Cygni and x Aurigae could not arise. In his analysis, 
MARTIN (1974 ) started at the standard analytic Serkowski relation 
for the linear polarisation. 
1n (p /p 
max 
) = k in2 (a /a 
max 
) (6.1.1) 
Consider two slabs, orientated such that the difference in the position 
angles of the grains in each. slab is (I). Let rX be the ratio of polari- 
sations produced by the two sheets, and 6x the observed position angle. 
MARTIN (1974 ) gives 
tan 2(8X - el) = rX sin 20 / (1 + rX cos 20) (6.1.2) 
where 61 is a constant. To see that this is monotonic, we differentiate 
the above expression. 
de drx 
da da 
(sin 20 / (1 + r + 2rx cos 20 (6.1.3) 
Going back to the Serkowski curve and remembering that k is the 
same in both slabs: 










are values of 
Amax 
in the two slabs. From 
the above expressions we see that, provided r 0, a 
lmax 2max' 
/ 0 and X co, then 6X does not reach a maximum. Hence the observed 
structure in the position angle of the linear polarisation of 55 
Cygni and x Aurigae is evidence of variation in both k and A 
max 
along the line of sight. 
Table Cl gives the distances of each of the three stars, 
as calculated from their spectral types. These suggest that there 
will only be a couple of dust clouds in the line of sight to each 
of these stars. Direct evidence of the existence of separate clouds 
can be gathered from Fabry -Perot interferometry of the interstellar 
lines. Gas moving at different velocities with respect to the Sun 
will give rise to absorption lines displaced slightly in wavelength 
due to the Doppler effect. The supposition is that components of 
the gas moving at different velocities are physically separate and 
hence presumably at different distances. While the existence of 
interstellar gas clouds is not conclusive evidence of the same number 
of dust clouds, in general, the two are well correlated. Especially, 
the existence of CO is indicative of dust. Studies of Ophiuchi 
show at least six components in high resolution spectra of interstellar 
lines (HOBBS, 1974a). Their heliocentric velocities are -9.0, -12.6, 
-14.4, -17.5, -25.5 and -27.6 km /sec. The two strongest are the -12.6 km /sec 
and -14.4 km /sec components, which appear to represent clouds of 
significantly different composition. KI, CaII and possibly NaI are 
concentrated in the -14.4 km /sec component, while CH is confined 
to the -12.6 km /sec component (MORTON, 1975 ). CO, which implies 
the presence of H2 has also been detected in the -14.4 km /sec compo- 
nent (CRUTCHER, 1976 ). The molecular hydrogen is thought to be 
formed on grain surfaces. The two components at " -26km /sec contain 
NaI, but not CH and probably not KI. The -9 km /sec component is 
thought to be associated with the Strömgren sphere at about 15 parsec 
from the star, while the main component (at -14.4 km /sec) arises 
from a cloud roughly equidistant between the Earth and C Ophiuchi. 
It is this major component that has been studied in detail (e.g. 
BLACK & DALGARNO, 1977 ; DE JONG, 1977 ; SMITH et al., 1978 ). 
The overall picture is of at least two dust clouds, associated with 
the -15 km /sec and the -26 km /sec component, respectively. In 55 
Cygni, three velocity components are clearly visible (HOBBS, 1974 ), 
at -10.5 km /sec, -16.0 km /sec and -24.5 km /sec, while the radial 
velocity of the star itself is -7 km /sec. (The resolution of the 
interferometer was 1 km /sec when measuring the interstellar 
However, the accuracy of the stellar radial velocity is rather worse). 
All three of these components show up in NaI, CaII and KI lines 
(the KI line is at 7699 A), and all are probably associated with 
dust. While we have not been able to find similar high resolution 
observations on X Aurigae, its distance would also suggest that 
three or four clouds might on average be seen in that direction. 
It seems, therefore, that there is evidence for more than one dust 
cloud in the lines of sight to C Ophiuchi (interstellar line profiles), 
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55 Cygni (interstellar line profiles, circular polarisation) and 
x Aurigae (circular polarisation and reported position angle changes). 
On the other hand, there is little evidence for circumstellar matter 
or intrinsic polarisation in the light of any of these stars. Accordingly 
we conclude that the position angle rotations are most likely the 
result of multiple dust clouds in the lines of sight to all three 
stars. 
The small number of clouds along the lines of sight suggest 
that the most appropriate model to use for the polarisation would 
be the 'two -slab' model. As mentioned above, the analysis of MARTIN 
(1974 ) is only strictly applicable if only the position angle of 
grain alignment and the mean size of the dust grains in the two 
clouds change. In a full analysis, this might act as a first step 
in an iterative procedure which would finally give p ,.A and 
max max 
k for each component. Because of the relative insensitivity of 
the curve of the degree of polarisation with wavelength, the position 
angle dependence would appear to be of premier importance in the 
process. However, the uncertainties in the measurements presented 
here make such an analysis inappropriate here. It may be worthwhile 
to use the simplified analysis of Martin to see what limits can 
be put on the model, and indicate whether further study would be 
appropriate. Circular polarisation measurements from the literature 
will be used, as tabulated in Table Cl. 
MARTIN (1974 ) gives the expression 
q(X.10/a) = pm ax B(X.10/a) D(Xmax/a) 
Gx . 
where q = the observed circular polarisation 
(6.1.5) 
D(X /a) = the dependence of linear polarisation on wavelength 
max 
(the Serkowski curve) 
B(ab /a) = the dependence of the birefringence of the interstellar 
ARP 
medium on wavelength (derived in MARTIN (1975 ). 
Also see MARTIN & ANGEL (1976 )). 
G is a 'geometrical factor' which is dependent on wavelength 
to roughly the same extent as rX defined above. 
Xis the value of Xmax for the cloud nearest the observer. 
We simplify by setting Xb = Amax, and take pmax and X 
max 
from SERKOWSKI et al. (1975 ). 
For C Ophiuchi we have only an upper limit on the circular 
polarisation. 






O.594, (X /4400 A) = 1.341 
max 
Now, 
D(1.34) = 0.906 
B(1.34) = 0.32 
G = 0.27 ± 0.29 
(from MARTIN & ANGEL, 1976 ). 
a 
da 
ti 130 GX 1n(Xmax 
/Xb) 
(MARTIN & ANGEL, 1976 ) (6.1.6) 
To see what sort of values and 
Xmax 
might take, we take 
da X at 
4400 A from the measurements of position angle for C Ophiuchi presented 
here, and consider values of G of 0.27 and 0.56 (i.e. 1Q). 
At 4400 A, 
d6 
8°µ1 da 
(`max /Xb) = 
1.106 if G = 0.27 
or 1.050 if G = 0.56. 












Such values do not seem unreasonable. We note that the lower the 
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value of circular polarisation assumed for c Ophiuchi, the further 
apart Amax and Ab 
become. This is because a small value of circular 
polarisation implies that the angle between the grain alignment 
position angles in the two slabs (¢) will be small. In turn, if 
¢ is small, Amax and Ab 
must be further separated to produce the 
observed position angle effect. 
If we use the difference in the measured position angles 
0 0 
between 3800 A and 4400 A, and assume that the two components are 
of equal strength at Aman, we can derive ¢%46° from the equation 
for position angle 6 quoted above. (If the ratio is less than one, 
¢ is increased). One further quantity we can estimate is D- the 
depolarisation. Statistical studies show (SERKOWSKI et al., 1975 ) 
that the ratio 
pvis /E(B 
-V) < 0.195, where pvis is the observed degree 
of linear polarisation in the visible ( and hence is close to Pmax), 
expressed in magnitudes, and E(B -V) is the colour excess or reddening. 
Equality in the above relation indicates the case of maximum efficiency 
of polarisation by the grains. A number of mechanisms will cause 
the ratio p 
vis 
/E(B -V) to be less for any particular star. The alignment 
mechanism might not be as efficient, or have not acted for sufficient 
time. It may be stronger or weaker depending on the strength and 
orientation of the galactic magnetic field along the line of sight. 
Further, when light traverses more than one cloud some depolarisation 
will occur. It is this last factor we are interested in. Clearly, 
the depolarisation calculated to arise from the effect of two dust 
clouds must be less than the total depolarisation seen in the light 
from the star. More precisely, if 
D 
o 
= [p /E(B -V)] / 0.195 (< 1) (6.1.7) 
for any star, and D is the depolarisation arising in the two slab 
model, then we require D > D 
o 
, where D 
o 
is given for each of the 
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three stars in Table Cl, and D is given by the expression: 
D2 = (1 + 2rX cos 24) + r2) / (1 + rX)2 (MARTIN, 1974 ) (6.1.8) 
where rX and 4) have been defined above. Since the value of rX is 
° 
similar in the blue to its value at 5500 A, we may deduce for 
c Ophiuchi, using the figures above: 
D = 0.69 
which is consistent with the value of D 
o 
shown in the Table. To 
summarise, the published circular polarisation measurements of 
c Ophiuchi, taken together with the new observations on the rotation 




5760 A and amax2 > 6040 A. If the two components 
are of comparable size (which is unlikely, judging by interstellar 
line strengths), then the angle between the slabs, 4 ti 46 °. As 
the ratio of the strengths of the two components departs from unity, 
the derived value of $ is higher. A more homogenous set of accurate 
measures of position angles, and a more detailed analysis can give 
more information. For this star, it will also be necessary to detect 
and measure circular polarisation to higher accuracies in order 
to restrict the possible geometries. As an example, a calculated 
position angle dependence is shown as the dashed line on Figs C4 





A = 6200 A 
' 
$ = 46° and k = -1.15 for both components. Better 2max 
fits can be obtained if the k's are allowed to be free parameters. 
Although Martin's analysis is not applicable in the case 
° 
of 55 Cygni, since the position angle reaches a maximum (at 3900 A), 
we may derive some information from this approach. Using equation 
(6.1.5) in the same way as for C Ophiuchi and using the circular 
polarisation tabulated, we find 
G = -0.87 ± 0.15 
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where the error quoted comes just from the circular polarisation 
measure. This result is similar to, but not identical with, the 
value quoted by MARTIN & CAMPBELL (1976 ). As mentioned above it 
is necessary to allow the value of k in the Serkowski curve (equation 
6.1.1) to vary along the line of sight to explain the position angle 
variations on 55 Cygni. The maximum in position angle may then 
correspond to the maximum in the polarisation of the minor component 
in a two cloud model. The peak is however displaced somewhat to 
shorter wavelengths by the major component, the peak of which corres- 
0 
ponds to the observed maximum polarisation at 5400 A. A for 
max 
0 
the minor component probably lies at >4000 A, its exact position 
depending on the relative strength of the two components and the 
angle between the two slabs. The analytic expressions for the location 
of this peak is complicated and not particularly useful. The best 
approach is probably one of numerical modelling of both the degree 
and position angle of polarisation. Since the linear polarisation 
0 
peaks at 5400 A, the major component must be considerably stronger 
than the minor one, while the location of the maximum in position 
angle implies that the minor component must have a narrower interstellar 
polarisation curve than the major one. This is equivalent to saying 
that k in the Serkowski curve is smaller (i.e. more negative) for 
the minor cloud. This last conclusion is opposite to what is normally 
observed. WILKING et al (1980 ) show that, statistically, k is 
smaller when A 
max 
is below average. There are at least four ways 
of narrowing the interstellar polarisation curve (summarised in the 
above paper): 
a) increasing the real part of the refractive index, or 
decreasing the imaginary part; 
b) presuming a more perfectly aligned distribution of grains; 
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c) presuming more spherical particles; 
d) narrowing the size distribution. 
For the particles thought to give rise to the interstellar polarisation, 
the imaginary part of the refractive index is already constrained 
by circular polarisation observations to be small (< 0.1). Further, 
it might be expected that more spherical particles would be harder 
to align, so that the effects of (b) and (c) above might cancel. 
We therefore suggest the existence of a cloud of smaller than average 
(0.05 -O.14), high -index dielectric particles in the line of sight 
to 55 Cygni. To have a high index of refraction (say 1.6 -1.7), 
such particles could not have thick mantles of 'dirty ice' or other 
low index material. At the present time it is questionable whether 
such mantles are a necessary feature of interstellar grain models 
(see e.g. WHITTET, 1981 ). 
Using the two -slab model we may derive an upper limit to 4 
from D 
o 
, tabulated in Table Cl. If the components are of equal 
strength, we find cp < 55 °, while if one component is twice as strong 
as the other, the upper limit is 4 < 60 °. 
The behaviour of the position angle of x Aurigae presents 
the same problems as did the position angle measurements of 55 Cygni. 
MARTIN (1974 ) reported a position angle rotation of -9° between 
O.334 and 0.944, equivalent to 1504 -1. This implies a difference 
of over 5° between U and R broad -band measurements, which is clearly 
inconsistent with the measurements of. SERKOWSKI et al. (1975 ). 
° 
The new measurements reported here peak at around 5000 A, as do 
those of Serkowski et al., but seem to decrease into both the red 
and blue in contradiction to Serkowski's measures. In the case 
of x Aurigae, the peak in position angle does not require us to 
postulate a secondary component with such small particles as that 
necessary in the case of 55 Cygni. However, it is still necessary 
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for the secondary component to have a 'sharp' (i.e. k < -1.15) polari- 
sation dependence on wavelength. Since the position angle maximum 
is associated with the minor component, this component must again 
have a smaller average grain size than that of the major component. 
From the depolarisation Do the two -slab model gives 4) < 58° when 
both components are equal and 4 < 64° when one is twice the size 
of the other. The similarity of the values of 4 found for all three 
stars in this section might be a consequence of the fact that all 
lie well within the local spiral arm. 
To summarise this section, we see that at least two interstellar 
components are required to explain the present observations of polarisation 
of Ophiuchi, 55 Cygni and x Aurigae. In the cases of 55 Cygni 
and x Aurigae, where the position angle reaches a maximum, the minor 
component is required to have a smaller mean particle size and a 
'sharper' (i.e. k smaller) distribution of polarisation with wave- 
length than the main component. Alternatively, the maximum in position 
angle can be explained by invoking an intrinsic component of polari- 
sation in each star. There is no other evidence of this for these 
stars, and certain features of the polarisation also argue against 
it. 
This study is not aimed at the very broad band dependence 
of the degree and position angle of linear polarisation on wavelength, 
and the measurements presented here incorporate too many 'instrumental 
corrections' and 'normalisation factors' to make detailed modelling 
worthwhile. However, some tantalising deductions have been (pro- 
visionally) made from these measurements. A full study might aim 
to separate out the polarisation characteristics of individual clouds 
along the line of sight. Candidate stars for study would show an 
above average value for the ratio p /E(B -V), would be relatively 
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nearby (r < 1 kpc) and would show interstellar line profiles with 
only a small number of components. It would be important to obtain 
as broad a wavelength base line as possible in order to have the 
best chance of separating out the several components. Any variability 
in position angle or degree of polarisation would be strong evidence 
of intrinsic polarisation. The best wavelength region to observe 
0 
would be around 4000 A. 
6.2 Variations in the polarisation of Ophiuchi at A ti A 
max 
0 
Together with the feature at 4100 A which is discussed below, the 
most interesting structure seen in the degree of polarisation of 
Ophiuchi is the oscillatory dependence seen in the red. As was 
previously discussed, the structure in the degree of polarisation 
is matched by changes in the position angle. Although coverage 
of 55 Cygni was unfortunately not complete enough to show if similar 
structure existed in that star, measurements of X Aurigae do show 
suggestions of such oscillations. Throughout this chapter, the 
Serkowski curve has been used to fit the data and to decide where 
structure exists. This point was discussed in section 3, where 
a possible alternative 'summary' curve was suggested. Since the 
structure in the polarisation of Ophiuchi has a scalelength of 
0 
between 600 and 1500 A, it is worth considering in passing whether 
such structure is merely an artifact of the analytic summary curve 
adopted. As an example, consider Fig. C18, which shows the structure 
expected in the data when plotted as deviations from the best -fitting 
Serkowski curve, if the Reciprocal curve (described in section 3) 
is in fact a better fit to the data. It is a feature of the wavelength 
dependence of the polarisation that there is an approximate symmetry 
about 
Amax, 
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Figure C18: A comparison of the Serkowski and Reciprocal curves: the 
case of Jr Ophiuchi. Parameters for the best -fitting 
Serkowski curve to the data presented in this chapter are 
given. The solid lines show the difference Reciprocal 
minus Serkowski for two values of K in the Reciprocal curve 
expression. If the interstellar polarisation curve were 
better represented by a Reciprocal curve, the graphs of 
polarisation residuals (e.g. figures C6 and C9) would show 





then F(A /Ax) = 
F(Amax /A) 
. (6.2.1) ma 
The approximation is good in the part of the spectrum studied with 
optical detectors. Any analytic curve used must therefore also 
have this property, and both the Serkowski and Reciprocal curves 
(section 3) do so. It follows that structure arising from the use 
of the Serkowski curve rather than another analytic representation 
would also be symmetric about Amax. While coverage of wavelengths 
greater than Amax is limited, no structure of this kind is seen. 
It appears, therefore, that there is no other simple analytic curve 
that will give a better fit to these observations. Of course, curves 
of polarisation derived from detailed model fitting are not required 
to be symmetric about Amax, as can clearly be seen, for example, 
in the curves of GREENBERG (1968 ) (e.g. his Figures 40, 82, 87 
and 91) . 
The polarising property of the interstellar medium arises 
from a difference in the extinction efficiencies of the medium for 
light plane polarised parallel and perpendicular to some characteristic 
axis of the grains. Since extinction is the resultant of the two 
processes of scattering and absorption, we may look to either of 
these mechanisms to explain the wavelength dependence of polarisation 
at around 1.5 1.1 
-1 
on Ophiuchi. Because of the size of the grains 
present in interstellar space the two mechanisms interreact to a 
greater extent than in other fields. In the 'continuum', the extinction 
by the grains is dominated by their scattering properties, with 
the complex part of the refractive index constrained to be < 0.1 
by circular polarisation observations, at least in the general case. 
Any spectral absorption in the grains, it will be recalled, is bound 
to affect the real part of the refractive index through the Kramer - 
Krönig relations, and lead to a dispersion -curve shaped wavelength 
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dependence of this quantity. Calculations of absorption bands in 
dielectric cylinders by GREENBERG (1974 ) with the aim of predicting 
the polarisation variations expected if the diffuse bands arose 
in the grains, show dispersion -curve shaped features in both ex- 
tinction and polarisation. Depending on the exact size of the particles 
the most noticeable feature of such absorptions can either be a 
dispersion- shaped curve, a clear absorption with a weak 'emission' 
wing or even a strong 'emission' with a weak absorption wing! MARTIN 
& ANGEL (1975 ) quantified earlier observations that the extinction 







where p = continuum polarisation, T = continuum optical depth, and 
Alp and AT are the polarisation and optical depth variations across 
the band. The value of f was model dependent but adequately represented 
by f = 1.4 ± 0.4. While these calculations were done in connection 
0 
with small scale (50 -100 A) structure about diffuse bands, the conclusions 
are also valid when considering larger scale variations. This is 
clearly shown by the work of HAYES et al. (1973 ) in their analysis 
of the Very Broad Structure (VBS) in the extinction curve. We shall 
return to these points below. 
Broad band changes (rather than spectral absorption) in the 
optical constants of a candidate material for interstellar grains 
affect its derived polarisation and extinction wavelength dependence. 
The rapid decline of the refractive index of graphite and of magnetite 
in the infrared have been used by workers to model infrared 
polarisation measurements (e.g. DYCK & JONES, 1978). 
It has been repeated often that the existence of the Serkowski 'Law' 
for interstellar polarisation implies that the optical constants of 
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the grain material are reasonably constant across the optical and 
near -infrared. In the main, it is the symmetry about X that 
max 
is being referred to. However, the baseline on which the Serkowski 
curve is usually fitted makes it rather insensitive to such changes, 
and, with judicial choices of mean size and size distribution, a 
great deal of structure can be reduced to unobservable levels. 
The Mie theory of scattering for infinite cylinders has been 
extensively used to model the linear polarisation produced by the 
dust between the stars. GREENBERG (1968 ) has shown that the calcu- 
lations for infinite cylinders are reasonably accurate for other 
elongated particles as long as their axial ratio is greater than 
two. When a particular size and refractiv6 index are chosen, the 
calculated polarisation shows oscillations around X 
max 
not too dissimilar 
to those seen in Ophiuchi. Typical curves for various indices 
of refraction are given in GREENBERG (1968 ) (his Figures 38, 39, 
40 etc.). These oscillations in polarisation (and extinction) arise 
from interference between light hitting the edges of the particle 
( HANSEN & TRAVIS, 1974) and have a wavelength of ti0.8x, where x = 
= 27a /a, and 'a' is the radius of the cylinder. According to the Mie theory 
cylinders scatter similarly to spheres with the same radius, and 
since cylinders clearly have more 'edges' than spheres of the same 
radius, these oscillations are stronger in calculations involving 
cylinders.. If the features at 5750 and 6600 A arise from this source, 
the characteristic wavelengths would be between 600 and 1600 A. 
Structure of wavelength 600 A could be caused by particles of b0.984, 
O 
while that of wavelength 1600 A would arise from particles of radius 
0.254. If it is further required that the oscillations occur at 
low values of x (equivalent to supposing the particles in question 
produce some significant proportion of the observed continuum linear 
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polarisation) then it is possible to obtain structure of wavelength 
1600 A, but not less. The oscillations turn out to be at the 10- 
15% level, but would seem to be stronger towards shorter wavelengths. 
Similar low amplitude structure might also be expected if the grains 
were regular prisms, or other regular shapes. While possible, such 
shape- dependent effects are unlikely to be the explanation of the 
observed dependence of linear polarisation. GREENBERG (1968 ) makes 
it clear that even a small distribution of size will almost completely 
smooth out these oscillations, as might be expected of surface phenomena. 
To invoke this mechanism it would be necessary to postulate the 
existence of a number of large particles with a very small size 
distribution. The particles would also have to be very 'smooth' 
since surface texture will also tend to wipe out observable structure. 
As the grains are thought to grow by accretion from the interstellar 
gas or possibly by aggregation (WHITTET, 1981 ), such regularity 
seems very unlikely. It appears therefore that shape and surface 
effects will not prove to be of sufficient importance to give rise 
to the observed structure in the linear polarisation of the light 
from Ophiuchi. 
If absorption in the grains produces the structure in the 
polarisation and the grains are also those responsible for the extinction, 
we may use MARTIN & ANGEL's (1975 ) relation to predict the amplitude 
of the consequent extinction variations. The following table is 
calculated from equation (6.2.2) and presumes R = 3.1, f = 1.4, 
X = 5500 A, k (the 'sharpness' constant in the Serkowski curve) 
max 
equals 1.15, and AX, the extinction in magnitudes at wavelength,X, 
interpolated from Table 2 of SAVAGE & MATHIS (1979 ). 
To use the table, note that the extinction change (in magnitudes) 


















on a star with maximum polarisation (in per cent) and reddening 
max 
E(B -V) (in magnitudes) is: 
Om = 
Ap 
x E (B-V) x Fx 
max 
(6.2.3) 
The error introduced into the resulting value of Am is probably 
of the order of 50 %. With the above table we see that the observed 
polarisation variation of 0.04 to 0.08 per cent at 6670 A should 
appear as an 0.01 to 0.02 magnitude enhancement at the same wavelength 
in the extinction curve. Unfortunately spectrophotometric scans 
of sufficient accuracy to detect these small variations were not 
obtained, nor do such scans for Ophiuchi appear in the literature. 
However, a very recent paper does give high precision extinction 
curves for some southern Milky Way stars, including two in the 
p Ophiuchi complex (VAN BREDA & WHITTET, 1981 ). Two extinction 
curves taken from these authors' Fig. 1 are reproduced here as Fig. C19. 
The extinction curves are plotted as residuals from a straight line 
drawn between the two points at which the extinction curves are 
0 0 
normalised, namely 4560 A and 7800 A. The curve marked 'mean' is 
a mean of twenty long pathlength (d > 1 kpc) reddened stars. The 
lower curve is the extinction curve for HD 147889, a star in the 
p Ophiuchi complex. The mean curve shows the so- called VBS structure 
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Figure C19: A comparison of the linear polarisation variations of 
-, Ophiuchi with high quality extinction curves from 
VAN BREDA and WHITTET (1981). The top curve shows 
polarisation measurements of j' Ophiuchi after subtraction 
of the best -fitting Serkowski curve. The ordinate scale 
is in percent. The centre and lower curves are 
extinction measurements after subtraction of a linear 
extinction, law normalised at 2.19 /4-1 and 1.28-1. 
The 'mean' curve is an average of 20 long path length 
(d ) 1 kpc) reddened stars, while the lower curve is 
of the nearby HD 147889 which is in the /0 Ophiuchi 
complex. Both ordinate scales are in magnitudes. 
Triangles and circles represent points corrected for 
the principle diffuse bands and Balmer lines respectively. 
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structure. 
The VBS shown in the p Ophiuchi stars, which are less than 
200 parsecs distant seems to be quite different to that in the other 
0 
stars. The resolution of the observations was 40 A blueward of 
0 
5260 A and 80 A to the red, while the mean photometric errors of 
the points were less than 0m.005 in the range 4000 to 7150 A, rising 
to 0m.015 at 8000 A. Triangles and circles represent points corrected 
for the principal diffuse bands and Balmer line mismatching, respect- 
ively, and errors for these points will be larger. Also displayed 
in Fig. C19 is a representation of the polarisation measurements 
on c Ophiuchi plotted on an inverse wavelength scale. The plotted 
curve is that of the smoothed data points shown as deviations from 
the best -fitting Serkowski curve. It is immediately apparent that 
there is no detailed correspondence between the extinction and polari- 
sation curves. It is interesting to note that the broad depression 
in the polarisation centred at 5000 A (2.04 -1) which was previously 
attributed to instrumental effects is matched by a similar depression 
in the extinction. Clearly further measurements are required at 
these wavelengths. By intercomparison between the differential 
extinction curves given by VAN BREDA & WHITTET we are able to put 
an upper limit of 0.02 magnitudes on any structure associated with 
the 6670 (1.54 -1) polarisation feature. It is certainly clear from 
the paper referred to that real differences exist between scans 
of different stars (though these may be due to instrumental effects) 
and hence that the apparent absence of structure corresponding to 
the polarisation on these stars is not proof of the absence of structure 
at this level in the extinction curve of C Ophiuchi. If these varia- 
tions in extinction between different stars are real, easily detectable 
polarisation variations may well be observable. Other references 
LOR 
for visual extinction were examined but none were found with measurements 
more accurate than for the extinction scans used. We conclude that 
the extinction curves presently available do not appear to show 
structure corresponding to the polarisation structure seen in 
Ophiuchi. To this we add two caveats. Firstly, that the predicted 
variations in extinction would be at the limit of detectability, 
and secondly, that since C Ophiuchi may be a special case, this 
conclusion may be modified when very high precision scans of this 
star become available. If structure does not appear in the extinction 
curve the deduction might be that the grains carrying the visual 
extinction are not identical to those responsible for the linear 
polarisation. If more than one dust cloud is intersected by the 
line of sight and contributes to the polarisation, we must consider 
how this conclusion is modified. Any depolarisation caused by the 
changing grain alignment will not affect the validity of equation 
(6.2.3) since polarisation only appears as a ratio. The position 
angle rotation associated with the variation in the degree of polari- 
sation implies that the feature appears much more strongly in some 
clouds along the line of sight than in others. Using the terminology 
of the two -slab model we may say that although the structure in 
polarisation is weaker (or possibly absent) in one of the clouds, 
both clouds must polarise the light passing through it. In C Ophiuchi 
the rotation in the position angle is in the same direction as the 
rotation in the ultraviolet. Since we expect a rise in polarisation 
across an absorption feature (but see section 6.3), it may be concluded 
that the polarisation feature is carried by, or is dominant in, 
the 'slab' that becomes more important in the ultraviolet. 
If the polarisation structure is indeed not reproduced in 
the extinction curve then we may summarise the conclusions reached by 
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considerations of the new results as follows: 
i) Extinction and polarisation arise from more than one grain 
population. The two (or more) populations polarise light 
that is passing through them with different efficiencies. 
One population might contribute to the extinction alone. 
ii) Along the line of sight, the proportion of these populations 
changes. It is possible that they are in distinct, physi- 
cally separate clouds. 
iii) The polarisation structure arises in the grain population 
that is the more efficient polariser. This grain population, 
in the case of C Ophiuchi, must have either a smaller 
mean grain size or smaller refractive index (either by 
at least 10 %) to explain the wavelength dependence of 
position angle. 
These conclusions form a self- consistent explanation of the 
new polarisation measurements presented. Other explanations may 
of course be possible. 
In the 'standard model' of the interstellar grains (insofar 
as such a thing exists), polarisation and extinction in the visible 
are caused by 0.1 -0.24 silicate particles, possibly with photolysed 
'dirty ice' mantles. A second population of very small (0.024) 
grains of graphite (or amorphous carbon) is also postulated to explain 
o 
the 2200 A extinction feature. However, MATHIS et al. (1977 ) have 
fitted the extinction from 0.11 to 1.14 with a mixture of bare 
graphite and silicate grains in which the graphite contributes some- 
thing like 50% of the extinction in the visible. It is further 
proposed that the polarisation is only produced by the (larger) 
silicate grains (MATHIS, 1979 ), and that the graphite grains are 
not aligned. The modelling satisfies cosmic abundances and the 
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observed depletions of heavy elements in the medium but assumes 
that the silicate grains are perfectly aligned by the Davis- Greenstein 
mechanism. We may interpret the above conclusions in terms of this 
model by identifying the efficiently polarising dust component with 
the silicate grains, and the graphite grains as a non -polarising 
or weakly polarising component. The polarisation structure might 
then arise from impurities in the silicate grains and the difference 
in the polarising efficiencies (i.e. p /T) of the two clouds in the 
two -slab model might then simply reflect a change in the proportions 
of the two sorts of grain. If the graphite grains are non -polarising, 
then the impurity giving rise to the polarisation variations may 
only occur in the silicate grains of one of the clouds. In either 
case, the corresponding structure in the extinction curve would 
be reduced in magnitude by at least a factor of two, and would hence 
become undetectable in presently existing extinction measurements. 
Clearly, any other model in which extinction and polarisation in 
the visible are caused by more than one sort of grain is also consistent 
with these observations. 
It has been suggested that the Very Broad Structure (VBS) 
seen in the extinction curve (see HAYES et al., 1973 ; SCHILD, 
1976 ) is caused by absorptions in magnetite (Fe304) grains or impurities 
(MANNING, 1975 ; VAN BREDA & WHITTET, 1981 ). Measurements of 
the refractive index of magnetite by HUFFMAN (1977 ) [or, more accessibly, 
HUFFMAN & STAPP, 1973 ] show structure in the visible comparable 
to the VBS, though an exact correspondence has not been found. However, 
magnetite grains, or grains including magnetite impurities, are 
expected to be well- aligned by the galactic magnetic field, and 
hence such structure should appear in the polarisation as well as 
in the extinction. We have seen, however, that there is no exact 
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correspondence between extinction and polarisation variations. It 
is noteworthy that the maximum value of the real part of the refractive 
index of magnetite occurs at very close to 1.54 -1 (6670 A). In 
polarisation curves calculated from models using magnetite grains, 
this feature shows itself as a distinct 'bump' or enhancement in 
the polarisation at this wavelength (see, for example, CODINA- 
LANDABERRY & MAGALHAES, 1975 ). A feature is seen at such a wavelength 
in the linear polarisation of Ophiuchi, though it appears to be 
rather 'sharper' than shown in the theoretical curves. VAN BREDA 
& WHITTET (1981 ) argue that the cosmic abundance of iron and the 
necessity for the grains giving rise to the circular polarisation 
to be a 'reasonable' dielectric imply that the magnetite if present, 
would exist either as small grains or as impurities in the larger 
grains carrying the polarisation. Accordingly, we tentative suggest 
that the structure in the polarisation curve May arise from magnetite 
impurities in certain (not necessarily all) silicate grains. The 
VBS would then be caused partially by the optical properties of 
magnetite impurities and partially by other sources. One possible 
source might be similar transitions to that which gives rise to 
the structure from magnetite but involving other transition metals, 
perhaps in a disordered lattice. The magnetite impurities would 
lead to good alignment of their host grains, in agreement with Mathis' 
model, and with constraints imposed by the observation of polarisation 
increases across the 9.74 silicate band (MARTIN, 1975 ). 
Summarising the previous sections, we see that shape and 
surface effects probably will not explain the observed polarisation 
variations in the red on Ophiuchi. Since such effects would be 
rendered insignificant by averaging over any reasonable grain size 
distribution, broad absorption features must be invoked. It seems, 
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provisionally, that structure corresponding to the polarisation 
variations does not appear at the predicted level in the extinction 
curves. However, if more than about half of the visual extinction 
did not arise in the polarising grains the predicted features in 
the extinction would not be detectable. If the structure in the 
polarisation is caused by magnetite impurities in silicate grains, 
the efficient production of polarisation by such grains also becomes 
understandable. Of course, such an assignment is rather speculative 
at this time, and does leave open the question of the origin of 
the VBS. The apparent variability of the VBS from star to star 
in any case suggests multiple sources for these features. 
The model used to interpret the polarisation observations 
is reasonably consistent with recent work on the fitting of grain 
models to the observed extinction and polarisation. Further work 
must focus on the two critical points in the above arguments. Firstly, 
the polarisation structure observed in C Ophiuchi must be confirmed 
in that star and the measurements extended to other reddened stars. 
If the structure were found to be significantly variable in shape 
and /or location from star -to -star this might be evidence of shape 
or grain size distribution effects, or, of course, in chemical compo- 
sition of the grains. Secondly, the polarisation profiles obtained 
must be compared with high accuracy (<0.005 magnitude) extinction 
curves of the same star to determine if variations corresponding 
to the polarisation oscillations do occur, and if so, at what level. 
The prize to be won from such studies is no less than a new model 
of the interstellar dust. 
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6.3 The 4100 A feature on C Ophiuchi 
The 4100 A feature found on C Ophiuchi is considerably 'sharper' 
than the polarisation variations discussed above. The polarisation 
curve is depressed by 0.03 to 0.04% at its lowest point, and a corre- 
lated rotation of position angle of 0 °.7 is also found. This position 
angle rotation again implies 'that the feature only occurs in (or 
is markedly stronger in) just one of the two contributors to the 
polarisation found necessary by the broadband position angle wavelength 
dependence. The ratio of the position angle rotation found here 
° 
to that found at the 6700 A feature is roughly the same as the ratio 
of the corresponding features in the degree of polarisation. While 
this is as expected, the direction of the position angle rotation 
implies that the polarisation component that is of increased importance 
in the ultraviolet also becomes more important at the centre of 
this feature. Since the degree of polarisation declines across 
the feature, the implication is that the other component weakens. 
Hence this 4100 A depression does not arise in the same component 
as the features discussed in the previous section (6.2). 
An absorption feature carried by the polarising grains will 
give rise to changes in both the extinction and polarisation curves 
across it as discussed in section 6.2.. The predicted change in 
the extinction curve corresponding to the 4100 A feature is 0.005 
to 0.010 magnitudes at the centre of the absorption band (i.e. a 
central depth of less than 1 %), or even less if the polarising grains 
do not produce all of the extinction at these wavelengths. However, 
the sense of the polarisation variation implies an 'emission' by 
the grains. As previously discussed, the profile of a spectral 
absorption carried by small particles.is greatly modified by scattering. 
Examination of Fig. 4 in GREENBERG & HONG (1974 ) shows that when 
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2Tra /X q, 2 (where a = grain radius), the most obvious feature is 
the 'emission' wing, the absorption being barely visible. Normally 
grains of size 27a /A ti 1.5 are used to fit the interstellar polarisation 
curve. The fact that an emission feature appears is therefore giving 
information on the mean size of the grains carrying the feature. 
Indeed we have already seen that this feature arises in the dust 
cloud with the larger mean grain size (i.e. with the larger a ). 
max 
The polarisation measurements obtained on 55 Cygni and x Aurigae 
here do not appear to show structure at these wavelengths. This 
may be because of the larger errors in the measurements on these 
stars, but it is also possible that the absorption may only appear 
in certain lines of sight. It is worthwhile examining extinction 
curves of high precision to see if perhaps corresponding structure 
appears. Unfortunately this is a difficult part of the spectrum 
for which to obtain accurate extinction curves. In the early -type 
stars normally used to obtain extinction curves, spectral absorption 
may be present at 3970 A (He), 4026 A (HeI + II), 4101 A (HS) and 
4144 A (HeI), and any mismatching of the reddened and unreddened 
stars can lead to 'features' here. While the available extinction 
0 
curves do not show an effect at 4100 A, those of VAN BREDA & WHITTET 
(1981 ), SCHILD (1977 ) and WALKER et al. (1968 ) all exhibit an 
increase in absorption in the region 4200 -4300 A. This increase 
seems to be quite narrow, but this is not well determined. It is 
possible that this is the absorption side of the feature observed 
in the polarisation in Ophiuchi. We note that HAYES et al. (1973 ) 
0 
suggest an absorption centred at 4170 A. 
Since this feature is constrained to arise in a different dust 
cloud to the cloud in which the structure at a Xmax 
arises, we 
may not also seek to explain it using magnetite impurities in the 
polarising grains. The feature appears to arise in the cloud with 
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the larger grain size. If the grains are larger because of the 
existence of a thicker mantle, it is possible that this depression 
in the polarisation may be caused by an absorption in the mantle 
material. Mantle absorptions have been suggested as an explanation 
for the diffuse bands, but the lack of polarisational variations 
across these bands has thrown serious doubt on such a source. Tran- 
sitions in complex organic molecules can give rise to broad absorptions 
in the visual part of the spectrum even in gaseous form. It may be 
that at 4100 A in the polarisation spectrum of Ophiuchi we are 
seeing a weak and broad diffuse band that does indeed arise in the 
polarising grains. We note that HERBIG (1975 ) has searched the 
region 3000 -4400 A and found no strong diffuse bands, though a 
0 0 
weak band may appear at 3970 A. If the 4100 A is indeed a 'diffuse 
feature' (i.e. is formed in the same way as other diffuse features) 
it extends blueward the suggested energy cutoff of these features. 
A decrease in the polarisation might arise if a component 
of the polarisation was intrinsic rather than interstellar, and 
if the star produced an emission feature at these wavelengths. If 
the intrinsic polarisation was by chance aligned at an angle roughly 
similar to that of one of the interstellar components of the polarisation, 
and was reasonably weak, it would not necessarily be detected in 
either the dependence of magnitude or position angle of polarisation 
over extended wavelength intervals. However, the origin of the 
emission would be problematic. If it is attributed to either Hydrogen 
or Helium emission, similar and probably stronger features would 
appear at other wavelengths. The emission would also have to appear 
in the spectrum of the star at about the 10% level at 4100 A. Since 
no emission appears, we may rule out this possibility. 
Finally we note that the spectrometer used to obtain these 
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0 
measurements is calculated to have a Wood's Anomaly of "4100 A 
(see section A2.6). This should appear as a weak 'band' in the spectrum 
and arises from the polarising properties of the grating. Such 
an intensity feature should not affect the measured polarisation 
in the present instrument. 
0 
To summarise: the 4100 A feature appears to be an 'emission' 
feature in a different component of the polarisation to that giving 
rise to the features in polarisation in the red. This component 
is the one with the larger mean grain size. The feature may be 
related to the structure seen in the extinction curve in other stars and 
may be related to the well -known diffuse bands. Although the origin 
of the feature is unknown, it may arise in a mantle of complex molecules 
on the grains. 
0 
6.4 The 4420 A feature on 55 Cygni. 
It was suggested earlier that polarisation structure corresponding 
to the 4400 A diffuse band might be present in the observations 
obtained of 55 Cygni. However, as previously mentioned (section 2) 
other authors find no evidence of polarisation variations across this 
band (A'HEARN, 1972 ; MARTIN & ANGEL, 1974 ). In particular A'Hearn 
(op. cit.) has measurements of 55 Cygni. His measurements of polarisation 
0 
at 4410, 4430 and 4450 A, respectively, are (2.64 ± 0.01) %, 
(2.68 ± 0.03)% and (2.76 ± 0.02) %. These errors are not reasonable 
as the Serkowski polarisation curve predicts that the degree of 
0 
polarisation should only drop by 0.01% between 4410 and 4450 A. Hence 
these continuum measurements should be identical within A'Hearn's 
errors. They are not, and it seems a more realistic error for these 
polarisation measurements would be 0.04 to 0.05 %. Alternatively, 
real structure associated with the band could be occurring! In 
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any case, A'Hearn's measurements are now consistent with the feature 
reported here. The measurements of Martin & Angel (op. cit.) on 
HD 183143 and HD 21389 are more convincing and rule out any variation 
at more than 20% of the predicted level. While it is possible that 
0 
the line of sight to 55 Cygni is different and that the 4430 A band 
in this star may indeed show polarisation variations across it, 
the large scatter in our measurements makes such a conclusion premature. 
It may be that the observed polarisation features are real but unrelated 
0 
to the diffuse band at 4430 A. It should be noted that the apparent 
feature is a decrease in polarisation (corresponding to a grain 
'emission') and is not associated with a position angle rotation. 
This latter point implies that it must arise in all or most of the 
clouds in the line of sight. We commend this part of the spectrum 
0 
(4100 to 4500 A) to our fellow observers for more detailed polarimetric 
study. 
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7. Conclusions and future work. 
There are three main results of section 6. Firstly, structure in 
the polarisation of C Ophiuchi has been detected with scale lengths 
of 400 A to 1400 A and at wavelengths greater than or equal to a X. 
No exact correspondence was found with published high quality extinction 
curves of various stars. The structure was tentatively suggested 
as being due to magnetite impurities in large grains, while the 
VBS would then arise partially from the same source but also partially 
from other sources. In particular oxidation state changes of other 
transition metals in a disordered lattice might contribute. Structure 
due to magnetite is expected to be more clearly delineated in polari- 
sation measurements than extinction measurements because of the 
enhanced alignment of grains carrying such impurities. Secondly, 
0 0 
a broad (100 A to 200 A) feature has been found in the polarisation 
of C Ophiuchi at a wavelength of 4100 A. The feature appears to 
arise in larger than average grains and may be associated with an 
extinction feature seen at slightly longer wavelengths in other 
stars. The absorption may be a true solid state transition of the 
sort originally postulated to cause the diffuse bands or may arise 
in the complex organic molecules that have been suggested to form 
the mantles on the grains that cause visual extinction and polarisation. 
Finally, the broad -band variations in position angle observed in 
C Ophiuchi, 55 Cygni and x Aurigae have been interpreted as implying 
multiple dust clouds in the lines of sight to each of these stars. 
The various clouds differ in their mean grain sizes and their grain 
size distributions (as evidenced by variations in the fitted parameters 
k and X in the Serkowski curve), and also have differences in 
max 
chemical composition as shown by the appearance of features in the 
polarisation produced by some clouds, but not others. 
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Spectral features detected in the polarisation are certain 
to provide new and important constraints on the chemical composition 
of the polarising grains. I should also like to point out that 
differences in alignment of grains in the various clouds along the 
line of sight at least nominally allow the possibility of studying 
the properties of the individual clouds. Hence for simple lines 
of sight it might be possible to use polarimetry to study the dust 
clouds in the interstellar medium and to combine this information 
with the results of the study of the interstellar gas in order to 
obtain a better picture of the structure and distribution of matter 
in the voids between the stars. For example, interstellar shock 
fronts are often used to account for gas clouds of differing chemical 
composition detected by sharp lines in the light of various stars. 
Such shock fronts will also have important effects on grains in 
the vicinity. The grains may be completely or partially destroyed, 
may be concentrated in space and may be better aligned by the locally 
enhanced magnetic field in the vicinity of such shocks. 
Clearly, the first priority for further observation is to 
confirm these measurements with a different polarimeter. Presuming 
that these features are indeed confirmed, further study will then 
be required on other stars to see how the detected structure varies 
in different parts of the sky and in lines of sight with differing 
mean grain sizes. In this way one may attempt to separate out the 
effects of scattering and absorption. It is of importance to compare 
the derived polarisation spectra with extinction scans of the same 
stars in order to see what proportion of the visual extinction is 
attributable to the polarising grains. Finally, accurate study 
of the wideband position angle dependence together with the polari- 
sation in relatively simple lines of sight should allow physical 
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modelling (at some level) of individual dust clouds in the medium 
and reveal their correlation with the observed interstellar gas 
clouds. Most of the above observations would require high precision 
o 
but only relatively modest resolutions (10 - 100 A). Multichannel 
polarimeters are necessary to allow the measurements to be obtained 
efficiently. 
The contribution of polarimetry to the study of the inter- 
stellar medium has been important in the past. It seems that this 
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Table Cl : Properties of the reddened stars 
Property C Ophiuchi 55 Cygni x Aurigae Note 
HR 6175 7977 1843 1 
HD 149757 198478 36371 
Q 6° 86° 176° 2 
b +24° +1° -1° 2 
V 2.56 4.83 4.89 1 
E(B -V) 0.33 0.53 0.45 2 
A 
vis 
1.13 1.63 1.46 3 
Spectral type 09.5V B31a B5Iab 1 
M 
vis 
-4.5 -6.8 -6.3 3 
d (pc) 155 1000 880 3 
R 
c 
(4430) 3.41 7.67 6.27 4 
W(5780) 0.29 0.38 0.39 4 
W(5797) (0.13) 0.17 0.21 4 
W(6284) (0.21) 0.25 0.29 4 
pmax ( %) 
1.43 2.75 2.17 2 
A (4) 0.59 0.53 0.56 2 
Max 
k 1.17 0.88 - 5 
q(x10-4) +0.16 ± 0.17 
° 
+1.32 ± 0.2 
° 
-0.67 ± 0.17 
° 
6 
(at X) (at ti4400 A) (at '1,4400 A) (at 'N,3900 K) 
pvis/E(B-V) 
0.094 0.113 0.105 
D 0.483 0.578 0.537 7 
o 
427 




Values taken from the "Bright Star Catalogue" (HOFFLEIT, 1964). 
Values from SERKOWSKI, MATHEWSON & FORD (1975). 
A calculated from A = RE(B -V) and R = 5.8 X (SAVAGE & vis is max 
MATHIS, 1979). The spectral type gives Mvis (SCHMIDT- KALER, 1965) 
and hence the distance to the star, d, can be calculated. 
4. From SNOW, YORK & WELTY (1977). R 
c 
(4430) is the central depth 
0 
of the 4430 A diffuse band, in per cent. W(5780), W(5797) and 
W(6284) are the equivalent widths of the 5780 A, 5797 A and 6284 A 
diffuse bands, respectively. Values in brackets are estimates 
(see text). 





in this reference are slightly different from those quoted here. 
6. Circular polarisation in the blue. The figure for C Ophiuchi and 
55 Cygni is taken from STOKES et al. (1974); it was obtained with 
a filter passing wavelengths (HPBW) 3800 A to 4750 A. The value 
for x Aurigae is taken from MARTIN (1974). The filter passed 
wavelengths 3300 A to 4700 A. 
7. D = {p /E(B -V) }/0.195. D 
o 
a measure of the polarising 
o vis 




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Name p ( %) a' © (°) 022 
26MY6 1.120 0.061 123.4 1.5 
26MY6 1.078 0.044 126.4 1.2 
16MY2 1.089 0.028 125.25 0.76 
26MY6 1.065 0.034 124.96 0.90 
26MY6 1.035 0.033 126.93 0.89 
26MY6 1.106 0.030 126.54 0.77 
2611Y6 1.080 0.033 127.06 0.85 
16MY1 1.168 0.026 125.69 0.65 
16MY1 1.157 0.025 124.98 0.65 
26MY6 1.184 0.036 126.72 0.85 
16MY1 1.191 0.023 124.37 0.57 
16MY1 1.213 0.022 125.15 0.51 
16MY1 1.250 0.024 125.51 0.55 
16MY1 1.248 0.021 124.99 0.48 
16MY1 1.276 0.020 125.49 0.46 
26MY4 1.275 0.019 124.71 0.43 
16MY1 1.325 0.018 125.26 0.38 
26MY4 1.299 0.017 125.27 0.38 
16MY1 1.309 0.018 124.75 0.42 





















Name p ( %) d 
16MY1 1.338 0.018 
17MY3 1.320 0.014 
26MY4 1.326 0.017 
17MY3 1.329 0.014 
26MY4 1.346 0.018 
17MY3 1.319 0.014 
26MY4 1.357 0.017 
17MY3 1.338 0.014 
26MY4 1.351 0.015 
17MY3 1.393 0.013 
9113 1.433 0.018 
26MY4 1.397 0.016 
9113 1.402 0.017 
26MY4 1.397 0.015 
9MY3 1.448 0.018 
26MY4 1.414 0.017 
9MY3 1.438 0.016 
91413 1.461 0.015 
9MY3 1.463 0.018 
















































9MY3 1.496 0.014 126.28 0.32 
9MY3 1.517 0.017 126.37 0.29 
7NIY1 1.528 0.036 126.04 0.66 
9MY3 1.550 0.020 126.25 0.28 
15MY5 1.497 0.025 126.45 0.46 
7MY1 1.546 0.035 126.68 0.64 
15MY5 1.536 0.023 126.12 0.42 
7MY1 1.531 0.032 125.99 0.67 
15Ì1Y5 1.570 0.020 126.06 0.36 
7MY1 1.506 0.037 127.01 0.68 
15MY5 1.571 0.020 126.07 0.37 
7MY1 1.537 0.031 126.41 0.49 
4ÌY5 1.563 0.032 126.40 0.58 
7MY1 1.589 0.032 125.52 0.72 
15MY5 1.544 0.022 126.59 0.42 
7MY1 1.599 0.032 126.12 0.58 
4MY5 1.609 0.027 126.45 0.52 
7MY1 1.648 0.028 126.41 0.48 
15ÌY5 1.603 0.021 125.64 0.38 
7MY1 1.595 0.030 126.18 0.59 
434 
Wavelength (P) Name p ( %) d- ( °) C 
5410 4MY5 1.625 0.031 127.71 0.54 
7MY2 1.624 0.031 126.38 0.43 
5460 7MY1 1.644 0.038 126.29 0.54 
5510 7MY2 1.613 0.027 126.55 0.51 
5560 15MY6 1.655 0.027 126.37 0.42 
5610 15MY5 1.633 0.023 125.91 0.43 
4MY5 1.707 0.036 125.95 0.64 
7MY2 1.659 0.034 126.14 0.47 
5660 15MY6 1.662 0.025 126.87 0.43 
5710 7MY2 1.704 0.027 126.24 0.47 
5760 15MY6 1.653 0.028 125.91 0.47 
5810 4MY5 1.734 0.036 125.96 0.62 
7MY2 1.674 0.034 125.67 0.59 
5860 15MY6 1.713 0.029 126.46 0.48 
5910 7MY2 1.643 0.030 126.55 0.53 
5960 15MY6 1.635 0.030 126.57 0.48 
6010 7MY2 1.657 0.034 124.26 0.53 
6060 15MY6 1.620 0.029 125.81 0.51 
6110 7MY2 1.657 0.036 127.09 0.57 
6160 15MY6 1.654 0.030 126.24 0.50 
LL qg 
Wavelength (R) Name p (%) p- e (o) a- 
t9 
6210 7MY2 1.641 0.033 126.77 0.62 
17MY2 1.649 0.027 126.98 0.45 
6260 15MY6 1.689 0.027 126.21 0.45 
6310 7MY2 1.645 0.035 126.07 0,66 
17MY2 1.705 0.028 126.07 0.45 
6410 17MY2 1.698 0.025 126.96 0.43 











25MY8 1.702 0.022 125.30 0.37 
17MY2 1.699 0.028 126.57 0.47 
25MY8 1.696 0.021 126.53 0.38 
25MY8 1.719 0.023 124.68 0.40 
25MY8 1.700 0.023 125.08 0.39 
25MY8 1.686 0.023 124.81 0.38 
25MY8 1.683 0.025 125.95 0.43 
17MY2 1.644 0.031 127.11 0.54 
25MY8 1.647 0.025 126.29 0.44 
25MY8 1.652 0.028 125.39 0.47 
17MY2 1.685 0.033 125.04 0.47 
25MY8 1.629 0.028 126.71 0.51 
17MY2 1.624 0.032 125.50 0.59 
436 
Wavelength (Á) Name p ( %) Cr. 
7110 17MY2 1.691 0.032 
7160 17MY5 1.521 0.025 
7210 17MY5 1.526 0.027 
7260 17MY5 1.515 0.025 
7310 17MY5 1.527 0.030 
7360 17MY5 1.599 0.033 
7410 26MY7 1.595 0.085 










Table C6: Smoothed linear polarisation measurements on Ï Ophiuchi. 
The values below are of a weighted running mean over four points. 
The mean was weighted according to the errors of each of the four 
points. The associated wavelength is a simple average. 
Wavelength (.) Pm (%) PM BM (°) Bli 
3235 1.083 0.018 125.17 0.49 
3285 1.068 0.017 125.78 0.45 
3335 1.077 0.015 125.92 0.41 
3385 1.073 0.016 126.41 0.42 
3435 1.107 0.015 126.42 0.39 
3485 1.141 0.013 126.03 0.33 
3535 1.162 0.012 125.46 0.31 
3585 1.185 0.011 125.20 0.28 
3625 1.202 0.011 125.19 0.27 
3675 1.226 0.011 125.02 0.26 
3735 1.248 0.011 125.28 0.25 
3779 1.264 0.010 125.13 0.24 
3816 1.284 0.010 125.12 0.22 
3848 1.295 0.009 125.18 0.20 
3873 1.303 0.009 125.03 0.20 
3898 1.308 0.009 125.11 0.20 
3923 1.314 0.008 125.27 0..17 
3948 1.319 0.008 125.40 0.16 
3964 1.323 0.007 125.66 0.15 
3998 1.330 0.007 125.69 0.15 
L Q 
Wavelength (2) PM (%) C;M 
4023 1.328 ' 0.008 
4048 1.335 0.008 
4073 1.338 0.008 
4098 1.339 0.007 
4123 1.371 0.007 
4148 1.378 0.007 
4173 1.392 0.007 
4198 1.402 0.007 
4223 1.409 0.008 
4248 1.413 0.008 
4273 1.422 0.008 
4304 1.441 0.008 
4341 1.444 0.008 
4385 1.455 0.009 
4435 1.474 0.008 
4485 1.491 0.008 
4535 1.506 0.008 
4585 1.515 0.008 
4635 1.527 0.010 






















Wavelength (. ) PM (%) CrPM em (°) °I'9M 
4735 1.550 0.013 126.15 0.24 
4 785 1.546 0.013 126.19 0.24 
4835 1.558 0.012 126.16 0.23 
4885 1.558 0.012 126.23 0.22 
4935 1.554 0.014 126.34 0.25 
4985 1.566 0.013 126.15 0.25 
5035 1.555 0.014 126.36 0.26 
5085 1.567 0.014 126.29 0.27 
5135 1.579 0.014 126.31 0.26 
5185 1.592 0.013 126.43 0.24 
5235 1.613 0.013 126.07 0.24 
5285 1.612 0.013 126.08 0.24 
5335 1.617 0.012 126.33 0.21 
5385 1.614 0.013 126.31 0.21 
5435 1.618 0.014 126.61 0.23 
5485 1.632 0.013 126.60 0.22 
5535 1.646 0.012 126.20 0.20 
5585 1.649 0.011 126.32 0.19 
5635 1.665 0.011 126.28 0.19 
5685 1.665 0.011 126.20 0.19 
r I. n 
Wavelength (if) Pm WO Era 6p e M ( BM 
5735 1.681 0.013 126.22 0.22 
5785 1.693 0.014 126.Ó9 0.23 
5835 1.680 0.014 126.14 0.24 
5885 1.677 0.014 126.31 0.24 
5935 1.663 0.015 126.01 0.25 
5985 1.637 0.015 126.84 0.26 
6035 1.640 0.016 125.93 0.26 
6085 1.645 0.016 125.82 0.26 
6135 1.643 0.014 126.57 0.23 
6185 1.660 0.013 126.63 0.23 
6235 1.667 0.012 126.40 0.20 
6298 0.012 126.54 0.20 
6373 1.694 0.012 126.25 0.21 
6448 1.697 0.012 125.98 0.20 
6523 1.701 0.011 126.18 0.19 
6585 1.705 0.011 125.72 0.18 
6635 1.703 0.010 125.57 0.18 
6685 1.700 0.010 125.47 0.18 
6735 1.691 0.011 125.33 0.19 




6835 1.668 0.011 125.69 0.19 
6885 1.657 0.011 126.09 0.20 
6935 1.647 0.013 125.86 0.23 
6998 1.654 0.013 126.07 0.24 
7060 1.605 0.014 126.57 0.27 
7123 1.577 0.014 126.49 0.27 
7185 1.550 0.013 126.61 0.26 
7235 1.522 0.013 126.32 0.26 
7285 1.536 0.014 126.57 0.26 
7335 1.542 0.016 126.63 0,30 
7398 1.563 0.021 126.86 0.37 
4 42 
Table C7 : Linear polarisation measurements of 55 Cygni 




















P (%) Cr 
69 
(0) 
20C1 2.37 0.21 1.3 2.5 
28SP1 2.11 0.12 178.0 1.8 
2001 2.36 0.13 3.2 1.4 
28SP1 2.086 0.077 1.5 1.1 
5001 2.087 0.094 1.2 1.3 
28SP1 2.194 0.066 2.3 0.8 
29SP3 2.247 0.076 2.5 1.2 
5001 2.264 0.079 4.0 1.0 
28SP1 2.274 0.050 2.5 0.7 
28SP2 2.37 0.12 1.7 1.3 
2002 2.297 0.096 3.3 1.5 
298P3 2.304 0.082 3.6 1.0 
50C1 2.298 0.078 2.5 1.0 
293P3 2.431 0.069 1.4 0.8 
50C1 2.429 0.066 2.5 0.8 
28SP2 2.077 0.097 3.4 1.3 
20C2 2.203 0.116 3.2 1.5 
29SP3 2.373 0.077 3.8 0.7 
5001 2.300 0.066 3.1 0.8 
29SP3 2.316 0.053 2.5 0.7 
443 





















2.383 0.083 2.4 1.0 
2.441 0.098 4.0 1.3 
2.494 0.059 3.9 0.7 
2.448 0.059 3.1 0.8 
2.402 0.055 2.9 0.7 
2.484 0.065 4.3 0.9 
2.412 0.067 3.7 0.8 
2.568 0.061 3.4 0.8 
2.734 0.062 3.8 1.2 
2.614 0.122 3.1 0.7 
2.649 0.121 5.5 1.1 
2.731 0.092 3.8 0.7 
2.739 0.065 2.7 0.7 
2.829 0.058 4.1 0.6 
2.730 0.062 3.3 0.6 
2.734 0.073 3.3 0.8 
2.852 0.047 3.3 0.7 
2.693 0.063 3.2 0.7 
2.857 0.067 2.4 0.8 
2.778 0.059 3.3 0.7 
444 
Wavelength (2) Name F (%) er B 
4262 29SP4 2.812 0.059 3.7 
4290 25SP1 2.753 0.072 4.1 
0/15 2.752 0.140 3.1 
4300 0/19 2.831 0.072 3.0 
7JN1 2.771 0.062 2.3 
4335 90C2 2.726 0.082 2.4 
4340 25SP1 2.723 0.074 2.6 
4350 7JN1 2.841 0.062 3.2 
0/19 2.797 0.057 2.5 
4365 90C2 2.834 0.077 3.0 
4390 25SP1 2.913 0.058 2.4 
90C2 2.805 0.076 2.7 
e 
7JN1 2.792 0.063 3.5 
44004 0/19 2.673 0.054 4.5 
0/14 2.781 0.058 2.0 
4425 90C2 2.815 0.086 4.9 
4440 25SP1 2.934 0.061 2.4 
4450 7J1'T1 2.870 0.060 2.7 
0/19 2.799 0.091 2.7 
















































2.821 0.062 3.3 0.6 
2.897 0.107 2.2 1.0 
2.925 0.056 4.3 0.6 
2.966 0.088 2.9 0.8 
2.966 0.082 3.2 0.9 
2.926 0.053 2.7 0.5 
3.026 0.066 2.0 0.5 
2.870 0.058 4.3 0.6 
3.038 0.056 2.9 0.5 
2.954 0.145 3.5 1.1 
3.001 0.069 3.2 0.5 
2.999 0.087 2.9 0.9 
3.031 0.072 1.8 0.5 
2.917 0.083 3.1 0.7 
3.071 0.088 3.4 1.1 
3.030 0.063 2.2 0.6 
3.087 0.061 2.5 0.6 
2.809 0.139 3.0 1.6 
2.836 0.127 2.8 1.7 
2.935 0.137 4.7 1.1 
2.701 0.155 3.8 1.5 
2.770 0.153 4.1 1.8 
2.598 0.077 3.2 1.1 
2.735 0.066 2.6 0.6 
446 
Table C8 . Smoot?led linear polerisc.tion ateasurei ,,nts of 55 Oy--_ni 
The folle /,rin: table h_.s beer smoothed in en (e7ect1ir) similar 
way to T^-b1.- C6 
avelenjth 60 .) Dì,i (i") O'pï';I 
3151 2.162 0.056 1.3 0.8 
3208 2.130 0.049 1.3 0.7 
3258 2.150 0.042 2.0 0.5 
3325 2.163 0.038 2.0 0.5 
3371 2.206 0.038 2.6 0.5 
3400 2.257 0.031 2.7 0.A 
3428 2.278 0.033 2.8 0.4 
3441 2.238 0.0"'4 2 
r. ,... 0.4 
3493 2.294 0.073 2.7 0.^ 
3472 2.343 0.040 2.A 0.5 
3490 2.376 0.036 2.L 0.5 
3509 2.347 0.038 2.2 0.5 
3528 2.342 0.040 ?3 0.5 
3541 2.319 0.042 3.3 0.5 
3553 2.268 0.0^_2 3.5 0.5 
3572 2.313 0.035 3.2 0.4 
3599 2.333 0.033 3.0 0.4 
3616 2.339 0.035 2.8 0.4 
3638 2.399 0.033 3.1 0.d 
3653 2.452 0.0'5 3.3 0.4 
447 
'8velenMth (Q) P, e:. 
3672 2.4n5 0.031 3.3 0.4. 
369; 2.454 0.030 3.5 0.4 
3738 2.434 0.030 3.µ 0.4 
3786 2.465 0.031 3.5 0.4 
3833 2.513 n.075 3.8 0.4 
3890 2.554 0.035 3.4 0.4 
3931 2.611 0.039 3.6 0.4 
3981 2.661 0.04 3.8 0.1 
A031 2.681 n.038 3.5 0.4 
4°78 2.766 0.037 3.8 0.4 
4119 2.765 0.033 3.5 0.3 
4153 2.776 0.024 3.4 0.3 
4188 2.792 0.02.1. 3.4 0,%Z 
4213 2.784 0.027 3.2 C.3 
427 2.900 0.026 3.3 0.3 
4261 2.81C 0.038 3.5 0.3 
4276 2.790 0.032 3.3 0.3 
4297 2.782 0.030 3.2 0.3 
4316 2.763 0.031 2.9 0.3 
4331 2.786 0.027 2.7 v.3 
4 48 
'!ìvelength ( °) M crPTï 
9Pi 
A 3_18 2.791 0.031 2.7 0.3 
4361 2.829 0.029 2.7 0.3 
4375 2.828 0.029 2.7 0.3 
4388 2.782 0.02.5 2.8 0.3 
4403 2.779 0.026 3.0 0.3 
4415 2.721 0.026 3.0 0.3 
A429 2.784 0.024 2.9 0.3 
4443 2.962 0.033 3.0 C.3 
4^-9 2.858 0.031 2,ä 0.3 
4474 2.838 0.034 2.8 C.3 
4496 2.890 0.036 3.5 0.4 
452rí 2.906 0.033 3.4 0.3 
4545 2.9_4 0.031 3.2 0.3 
4570 2.955 0.029 2.9 0.3 
^595 2.941 C.029 3.0 0.3 
4630 2.961 0.029 2.0 0.3 
4688 2.975 0.033 3.0 0.3 
4708 2.967 0.034 3.5 n3 
4773 3.014 0.038 3.1 0.3 
4850 3.007 0.042 2.5 0.3 
449 
Wavelength (2) Pm (%) PM M (e) 
4950 2.991 0.038 2.6 0.3 
5050 3.005 0.041 2.4 0.3 
5175 3.015 0.037 2.3 0.3 
5325 3.035 0.035 2.6 0.3 
5500 3.043 0.038 2.5 0.4 
5700 3.017 0.040 2.4 0.4 
5900 3.000 0.048 3.0 0.5 
6100 2.828 0.069 3.8 0.7 
6300 2.820 0.071 4.0 0.7 
6550 2.695 0.057 3.9 0.6 
6825 2.687 0.0116 2.9 0.5 
450 
NI 
Table C9 Linear polarisation measurements of 7 Iurigae 





















P (%) Cr B (°) d'6 
1.621 0.074 175.6 1.4 
1.727 0.068 175.9 1.1 
1.754 0.059 175.4 1.0 
1.655 0.059 176.3 1.0 
1.708 0.052 178.5 0.9 
1.756 0.045 177.3 0.7 
1.843 0.045 177.3 0.7 
1.800 0.040 176.5 0.7 
1.874 0.042 177.3 0.6 
1.944 0.072 175.8 1.0 
1.860 0.040 178.5 0.6 
1.888 0.062 176.8 1.0 
1.849 0.056 178.6 0.9 
2.042 0.069 177.0 0.9 
2.022 0.070 178.9 1.0 
1.868 0.066 178.3 1.0 
2.021 0.064 178.5 0.9 
2.038 0.058 178.9 0.8 
2.106 0.040 177.8 0.5 
2.011 0.069 177.3 1.0 
451 
Wavelength (R) Name p ( %) (o) 
5356 78/3FB1 2.097 0.044 176.7 0.6 
5406 78/2FB1 2.037 0.070 179.4 1,0 
5456 78/3FB1 2.003 0.039 177.2 0.6 
5500 79/12FB8 2.047 0.044 178.1 0.6 
5556 78/3131 2.001 0.038 177.2 0.6 
5656 78/3FB1 2.056 0.047 177.2 0.6 
5700 79/12FB8 2.045 0.047 177.7 0.6 
5756 78/3FB1 2.032 0.041 179.0 0.6 
5856 78/3FB1 2.045 0.042 176.8 0.6 
5900 79/12FB8 2.060 0.046 176.3 0.6 
5956 78/3FB1 2.093 0.048 176.9 0.7 
6056 78/3FB1 2.100 0.043 176.2 0.5 
6100 79/12FB8 2.036 0.047 176.7 0.6 
6156 78/3FB1 2.116 0.047 177.3 0.6 
6300 79/12FB8 2.028 0.048 178.0 0.7 
6500 79/12FB8 1.944 0.050 176.8 0.7 
452 
Table C10: Smoothed linear polarisation measurements of x Aurigae. 
The following table has been smoothed in a similar way to 
Table C6. 
Wavelength a) 
pM (%) CrPN1 
3856 1.694 0.032 175.8 0.6 
3956 1.710 0.029 176.7 0.5 
4056 1.723 0.026 177.1 0.4 
4156 1.754 0.025 177.4 0.4 
4256 1.783 0.022 177.3 0.4 
4356 1.830 0.020 176.9 0.3 
4456 1.855 0.019 177.2 0.3 
4556 1.856 0.020 177.4 0.3 
4656 1.891 0.021 177.5 0.3 
4756 1.907 0.025 178.1 0.4 
4856 1.932 0.032 178.1 0.5 
4956 1.987 0.034 178.1 0.5 
5056 1.990 0.032 178.7 0.5 
5144 2.038 0.027 178.2 0.4 
519 2.062 0.027 178.1 0.4 
5281 2.079 0.025 177.6 0.3 
5331 2.081 0.025 177.6 0.3 
5381 2.039 0.025 177.3 0.3 
5430 2.044 0.023 177.5 0.3 
5480 2.017 0.022 177.6 0.3 
45 3 
Wavelength (P) 
PM (%) PM M (O" M 
5542 2.023 0.021 177.4 0.3 
5603 2.033 0.022 177.5 0.3 
5667 2.030 0.021 177.8 0.3 
5742 2.044 0.022 177.7 0.3 
5803 2.045 0.022 177.4 0.3 
5867 2.055 0.022 177.2 0.3 
5942 2.074 0.022 176.5 0.3 
6003 2.073 0.023 176.5 0.3 
6067 2.087 0.023 176.7 0.3 
6153 2.072 0.023 176.9 0.3 
6264 2.034 0.024 177.2 0.3 
454 
Table Cll Normalisation factors applied to the observations 
Position angles were all corrected to the data on one observing 
run and one telescope. The applied corrections are shown here. Before 
tabulation, they were then converted to the equatorial system. 
3r Ophiuchi 
Correction applied to the wavelength scale was +10 Á 
Observations Polarisation Factor Position angle rotation 
4 MY5, 6 MY1 1.050 -90.O 
7 MY1, 7 MY2 1.095 -9°O 
16 MY1, 16 MY2, 17 MY3 1.000 +26 °.51 
26 MY4, 26 MY6 
15 MY5, 15 MY6, 





9 MY3 1.000 0° 
55 Cygni 
No correction to wavelength scale of Tenerife 60" data. Correction 
to September /October 1978 measurements as shown in the Observing Log 
(table C3). June 1978 measurements were corrected by +10 Á. 
Polarisation Position angle 
Observations 
Factor rotation 
0/14, 0/19 (OP = 3800) 0.982 -89 °,18 
0/14. 0/17, 0/19 (OP = 5825) 1.049 -890.18 
0/15 (OP = 3800) 0.921 -89 °.18 
0/15 (OP = 5825) 0.984 -8918 
25 SP1 1.116 -296 
28 SPl, 28 SP2, 1.000 +2 °.3 
28 SP3, 28 SP4 
2 OC1, 2 OC2, 5 OC1 1.000 0 
7 JN1 1.030 -2792 
455 
'[ Aurigae 
Wavelength correction to 1978 data was -44 Á, while 1979 






1978: 2 FB1, 
3 FB1 
2 FB2 1.000 0 
1979: 12 FB8 0.896 +26°.28 
456 
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r
i
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a
n
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0
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(
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t
o
 
0
.
0
8
ó
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.
 
s
a
t
i
o
n
 
a
t
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)
 
a
 m
a
x
'
 
A
s
s
o
c
i
a
t
e
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p
o
s
i
t
i
o
n
 
a
n
g
l
e
 
r
o
t
a
t
i
o
n
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(
U
p
 
t
o
 
1
 
°
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S
t
a
r
t
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a
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3
3
0
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R
e
a
c
h
e
s
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p
o
l
a
r
i
s
a
t
i
o
n
 
a
t
 
3
1
0
0
 
Á
.
 
N
o
 
a
s
s
o
c
i
a
t
e
d
 
p
o
s
i
t
i
o
n
 
a
n
g
l
e
 
r
o
t
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t
i
o
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t
r
u
c
t
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e
e
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s
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i
b
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t
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r
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s
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p
o
s
i
t
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o
n
 
a
n
g
l
e
 
c
h
a
n
g
e
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e
a
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0
0
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Á
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o
t
a
t
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s
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i
n
t
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t
h
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u
l
t
r
a
v
i
o
l
e
t
,
 
a
n
d
 
a
 
l
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t
t
l
e
 
l
e
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t
h
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i
n
t
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t
h
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r
e
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(
5
5
0
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Á
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r
u
c
t
u
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b
u
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e
r
r
o
r
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l
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r
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)
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N
o
 
s
t
r
u
c
t
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r
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e
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(
b
u
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e
r
r
o
r
s
 
l
a
r
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e
a
k
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0
5
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Á
.
 
R
o
t
a
t
e
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2
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b
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3
8
0
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A
,
 
a
n
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a
 
l
i
t
t
l
e
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v
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d
e
g
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e
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t
h
e
 
r
e
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(
6
5
0
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.
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o
s
s
i
b
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e
m
e
n
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o
l
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r
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s
a
t
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5
2
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n
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6
0
5
0
 
A
.
 
N
o
 
a
s
s
o
c
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a
t
e
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s
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i
o
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a
n
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l
e
 
r
o
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t
i
o
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